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FOREWORD

The followlang notes are intended to aid the
reader of this report in choosing for study those
_sections most likely to be of interest to him:

(a) Aeronsutical enginesrs will probably be
e most interested in sections 14, 15, and
23, and appendixes II, III, and IV

o (b) Air—-line pilots and operations personnel
i will be most intersstsd in sections 1
through 11, and in sections 16 and 19

to 22,

o . (c) Air—-line meteorologists will find an addi-
' t " tional interest in sections 12, 17, and
18, and appendixes I and III to YII

: For information relative to the protection of
gliders and nonmetalliec aircraft from lightning,
the reader 1s referred to reference 33,

Attention is invited to new developments in
the theory of the mechaniem of the thunderstorm
given on page 102 (first paragraph) and pages 106
_(last paragraph) to 129, of appendix V, following a
summary of other well~known phenomena involved in
. . . the genesis and maintenance of thunderstorms given
on pages 97-101 and 103-106, inclusive,
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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
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TECHNICAL NOTE NO, 1001

LIGHTNING DISCHARGES TO AIRCRAFT AND
ASSOCIATED METEQOROLOGICAL CONDITIONS

By L, P, Harrison

i, INTRODUCTION

The Subcommittee on Lightning EHazards to Aircraft of
the National Advisory Committee for Aeronautics was created
for the purpose of studying all phases of the problem of
atmospheric electrical discharges tc airecraft and of recom—
mending measures (1) for improving the protection of air—
craft egainst such discharges, (2) for alleviating the
hazards to occupants of alreraft from such discharges, and
(3) for avoiding conditions under which the discharges ney
be experlenced,

The Subcommititee has been actively engaged in carrying
out its functions since the year 1937, The membership of
the Subcommittee on Lightning Hazards to Alrcreft was as
follows in 1941:

¥r, Delbert M, Little, Chalrmen,
U, S, Veather Bureau
Washington, D, C,

br, O, H. Gish,
Department cf Terrestrial Magnetisam,
Carnegle Instltution cf Washington,
Washington, D, C,

Mr, Charles H, Helms,
National Advisory Committee for Aeroncutices
Washington, D, C,

Lieut, Comdr, M, P, Hanson, U,S.N,R,,
Bureau of Aeronautics,
Kavy Department,
Weghington, B, C,
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Dr,

Mr,
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Dr,
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S. Paul Johnston (ex officio), -
Coordinator of Research,

National Advisory Committee for Aeronautics,
Washington, D, C,

George W, Lewis (ex officlo),

Director of Aeronautical Research,

National Advisory Committee for Aeronautics
Washington, D. C,

P, C, Sandretto,?

Superintendent, Communications Laboratory,
United Air Lines Transport Corporation,
Municipal Alrport, Clearing Station,
Chicago, Illinolis,

Xarl B, McEnchron,
General Electric Company,
Pittsfield, Massachusatts,.

Irving R, Metcalf,
Civil Aeronautics Administration
Washington, D, C,

2, J, Minser,

Transcontinental and Western Air, Inc,,
Municipal Airport,

Kansas City, Missouri,

Col, Charles K, Moore, Air Corps, U.S.A,,
Materiel Division, Wright Fileld,
Dayton, Ohio, -

F, B, Silsbee,
National Bureau of Standards,
Washington, 2, C,

In 1942, the commissioning of Mr, Sandretto in the
&rmy changed his address and title, which, in 1943, was

L,

Col, P, C, Sendretto, U,S,A,,

Electronicsg Unit, .
First Proving Ground .
Eglin Field Florida.
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In 1942, the roster of membership of the Subcommittee -
wag modified. Messrs. Helms and Johnaton were relieved and
the following msmbers were added:

Prof, E. J, Workman,
. University of New Mexlico,
Albuquerque, New Mexico.

Mr, L, P, Harrison,
U. S, Weather Bureau,
Washington, D, C.

"Mr., Russell G, Robinson (ex officio),
National Adviscry Committee for Aeronautics,
Washingtonrn, D, C.

During 1942, there occured the lamented death of
Lieutenant Commander Hanson. He was replaced, in September
1942, by

Lieut, Comdr. F, G, EKear, U.5.K.R,,
Buresu. of Aeronautics,
Ngvy Department,
. Washington, D.C.

Doctor Metcalf was replaced, in July 1942, by

Mr, Joseph C. Hromada,
Technicel Development Division,
Civil Aeronautics Administrestion,
Washington, D, C.

In 1943, Lieutesnant Colonel Moore was replaced by

Mgjor B, H, Schwartz, U.S.4A,,
Army Air Forces,
Materiel Center,
Wright Field, Deyton,.Ohio.

and a new member was added to the Subcommittee:

Dr, Ross Gunn,
Navel Research Laboratory,
Bellevue, D. C.

Numerous investigations on electriczl dlscharges and
their effects have been conducted by the members of the Subd—
committee, and by organizations whose cooperation was secured
to assist in the program of research. A considerable amount
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of pertinent dats hes been amassed under the directlon of
the Subcommittee and these were made availadble for study and
digest,

This report is a summary of information on atmospheric
electrical discharges to alircraft and assoclated meteor—
ological conditions, prepared for the Subcommlttee at the
U, S. Weather Bureau, Washington, D, C,

Many of the facts given herein are based largely on
data furnished by pilots, meteorologists, and maintenance
englneers of the U, S, Navy, the U, S, Army Alr FTorces, and
air-line companles, in questionnaires and other reports pre—
pared 1n connection wilith about 170 cases of electrical dis—
charges to aircraft which have ovccurred during the years
1935—44, Technical data of particular interest to engineers,
obtained from the high voltage laboratories of the General
Electrlic Company and the Westinghouse Elgctric and Manu—
facturing Company, as well as from other sources, also have
been utilized, (See appendix II,)

The following discussion (secs, 2 to 18) outlines
the essential facts known adbout the conditions under which
electrlcal discharges to aircraft have occurred, The d1g—
cussion, including appendixes III to VII, provides inforna-
tion designed to glve a falrly comprehensive view of the
underlying principles of meteorology end atmospheric elec—
tricity which are involved, A brief glossary of some in—
portant meteorological terms 1s given in appendix I to aild
the nonmeteorolcgist in following the discussion,

Attention of pilots is especially directed to sections
19 to 22, which contaln lists of procedures of flight con-—
duct and saircraft maintenance recommended for aveclding or
ninimizing the hazards of (a) disruptive electrical dis—
charges to aircraft, and (b) other reteorcvloglcal conditions
of severe character often encountered in or near thunder-
storms,

Acknovlasdgments

The Subcommittee on Lightning Hazsrds to Alreraft of
the MACA wishes to exvress its apprecilation for the splen—
did cooperation rendered by pilots, meteorologists, snginsars,
and maintenance personnel of many air lines in furaishing 1in-
valuable information relasting to actuasl fleld experisnces
with electrical discharges to aircraft. Similar appraclation
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1gs due the U. 5. Army Air Forces and the U. S§. Navy Bureau of
Aaronanties for providing data on the subject in relation ©
service aircraft. '

The MACA takes this opportunity to express its gratitude
o the airmen and their coworkers who made this report possi-—
ble by materisl furnished in Questionnaire form, and to the
officials and the personnel of the General JTlectric Company
and the ¥estinghouse 3Ilectric and Manufacturing Company who
devoted unstinted work in conducting investigations on the na-
ture and effects of lightning discharges for the promotion of
grnatar safety to mankinéd generally against these hazards of
nature. Deep appreciation also is due other organizations and
individuals, %00 numerous to mention, who wholsheartedly con—
tributed their services and advice to the Subcommittee on
Lightning Hazards to Airgraft, in pursult of its activities.
Among these nay be mentioned: Dr. Harvey Fletcher, Diractor
of Physical Rasearch, 3ell Telephone Laboratories, and his
assistants; Prof. Clarence H. Graham, of the Psychological
Laboratory, Brown University; Prof. J. H. Bryant, Head, Depart—
- mant of Electrical Engilneering, University of kinnesota; and
Dr. K. B. Visscher, Head, Department of Physiology, University
of Hinnesota. The FACA is deeply indebted to past and present
nambers of the Subcommittee on Lightning Hazards to Aircraft,
who gave so liberally of their time and efforts in carrying
. Torward the work of the organization.

The writer is grateful to all persons and organizations
whe made avallable the material which forms the bdasis for this
report. A special devt is due Mr. 3. J. llinser, Chief Heteor-—
ologist, of Transcontinental and Western Air, Inc., whose writ-
ings (references 1 and 2) on the subject have been so helpful
as guldes in preparing certain portions of the remort, espe—
cially sections 20 and 21, "Recommended Flight Procedure to
Avoild Discharges and Alleviste Harmful 2ffects,” which has in-—
corporated in it a number of the rules and principles which he
has suggested for the greater safeguarédé of air navigation. The
pertinent writings of the Meteorology Department of the United
Alr Lines Transport Corporation, have also besen found helpful.

(See reference 2.)

The author wishes to express his appreciation to all those
whose helpful comments, suggestions, and eriticisms have en—
abled him to make this publication an improvement over his
“Preliminary Report on Atmospheric Rlectrigal Discharges to
Aireraft,” 1ssued August 1941 by the NACA. Among those who
may be mentioned in this connection are: Mr. P. Donely,

Dr. 0. H. Gish, Mr, ¥, B, Koneczny, Mr, Jerome Ledesrer, lr,
S. Lichtblau, Mr, 3, J, Minger, Hr., H, W, Neill, Mr. R. V.
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Rhods, Hr, P, €. Sandretto, Dr. F. B. Bilsbee, Prof. E. J. “
Workman, and DPr. A. F. Spilhaue Jointly with Prof, G&. immons.
Appreciation is due also to Messrs, A. B. Kussman, R. J,

‘List, and N. 0. Gerson of the U, S, Weather Bureau for in-—
valuable assistance in compiling certain of the data on which
this ravort is based,

2, GBZOGRAPHIC LOCATIONS AND GIX3RAL HATECROLOGICAL CONDITIONS

An etmospheric eleetrical discharge® may occur to an air—
‘ecraft in any locality where the airecraft may encounter or
approach closely cloud and precipitation conditions having
local regions in which the slectrical potential gradient®is
sufficiently intense to causge a discharge to be initiated
either spontanecusly or upon entry of the aircraft into the
scene, Such discharges occur with greatest frequency in areas
where thunderstorms, or cumulo—nimbus or towering cumulus clouds,
develop most often along more or less extensive linee, These
developments (along lines) generally take place in connection
with the lilfting of moiest, unstable alr by the action of (1) up—.
ward sloping or rough terrain, like mountains and coastal
-slopes, or (2) frontal systems of low pressure areas ("LOWSY
or cyclones)., Reglons where surface heating is intense and
the alr especlally motet and unstable are also breeders of
local thunderstorms and convective—type clouds, such as
those mentloned, whereln the discharges may be experienced,

1In this réport the terms "atmospheric electrical dis—
charge, " Meletctrical discharge to aircrsft," and "dischargas"
without reference to "corona discharges" in the ccntaext are
intended to apply to disruptive discharges or lightning, The
terms 'ecorons dlscharge! and "St, Elmots fire" are used
synonyumously to apply to glow and brush discharges,

. "By the term "potential gradient! is denoted the rate
of change of potential per unit distance in the direction of
the electric fleld, It is generally expressed in volts
per meter or volts per centimeter, When the potentlial
gradlent reaches an intensity which permits sparking to be—
"gin, an electrical discharge occurs, The sparking potential
gradlent 1s about 1,000,000 volts per neter in a cloud con-
sisting of droplets 1/8 in, in dipumeter, or 3,000,000 volts
per meter in clear air at sea level, or 2,100,000 volts per
meter in clear alr at 10,000 ft altitude., The sparking
potential gradient for clear air 1s controlled by the air -
density; but for-cloudy ailr containing water droplets it scems
to be largely controlled bty the sizes of the droplets, (See
reference 4.))
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powever, the most severe condltions are likely to be en—
countersd in localities where frontal and /or mountain slope
(orographic) lifting acts in conjunction with surface heating
on an alr mass of moist, unstable character,

The convective—type clouds and the associated precipi-—
tation, in connection with which the electrical dilscharge
is experienced, may or may not manifest cloud—to-cloud or
cloud—to—-ground lightning strokes prior to or after the dis-
charge; hence, true, active thunderstorms are not always
involved,

3. ANNUAL VARIATION

Prue thunderstorms are generally more frequent-during
the wermer season of the year than in other seasons, but many
of the summer thunderstorms are of the local-heat variety and
can be circumnavigated, Most of the spring and sutumn-thundele
storms and convective—type clouds originate primarily from.
frontal action and orographic 1lifting, In view of their
characteristic of developing z2long extensive lines, these
conditions are more difficult to avoid than lsolated, loocal.
storms or clouds, Consequently, as shown in the following
tables, the records of cases of electrical discharges %o
aircraft show & pronouncsd primaery maximum frequeney of
occurrence in early spring and s secondary maxipum in gutumn,
A moderate nunber occurred Iin midwinter and in midsummer.
{The free-alr temperatures, moisture, and instabllity of the
alr masses involved, character of precipitation at variocus
levels, and cl-ud heights in relation to flying levels during
the different seasons have important controllling—influernces
on the phenomena which determine the statistics, All the
factors mentioned must be taken into consideration in in-
terpreting them,)
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Annusl variation, by months and seasonsg, respectlvely.
of the number of cases of disruptive discharges to
aircraft according to avallable data for the periocd
March 1935 through December 1944,

Number of Percentage
¥onth occurrences of total
January 2] ' 4
February 7 4
March . 22 13
April 29 17
May 20 12 .
June 27 . le
July 4 2
August 9 5
September 14 8
October 13 8
November 13 3
December 5 3
Total © 169 100
Number of Percentage
Season occurrences of total
Winter
(Dec, 21— March 20) 22 13
Spring
(Mar, 21-June 20) 82 49
Summer
(June 21—~
Sept,20) 26 15
Autunn
(Sept, 21-Dec, 20) 39 23
Total 169 100
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4, DIURNAL VARIATION

:

Disruptive elsctrical discharges to aircraft have
cccurred with greatest frequency during the 6-hour interval
fron noon $0 6 p,m, loeal standard time, which is the
period of greatest coavective activitiy near the earthts
surface, The frequency of occurrence alsc has apparently
tended to be fairly high during the early evening hours,
perhaps as a result of active or incipient thunderstoras
which often oscur after 6 p,m, in the midweetern, mountain,
and some coastal regions of the United States, The mini-
pum frequency has oceurred Just after sunrise, when con—
rective activity is usually low, In general, the diurnel
frequency distribution may be summarized by stating that
there 1s a broad maximum in the firet 9 hours after noon
and a broad minimum in the first 9 hours after midnight,
loecal standard time, Detalls regarding +the diurnal
variation of the phenomenon are ghown in the following table:

Diurnal variation, by 3-hour periods, of the number of
cases of disruptive discharges to asircraft, according
to avallable data for the period March 1935 through
December 1944 :

. Kumber of Pegrcentage
Perigd occurrences of total

; 3
12 p.,, — 3 &,m, 6 4
3 a, i, — 6 a,3, 11 4
6 a,m, - 9 a,m, 3 2
g g,m, =12 m, 16 10
12 m, - 3 p.no, 35 23
3 DBy = 6 P.m. 35 23
¢ p.,R, — 9 p.m, 2B 17
g p,m, ~12 p,m, 15 1o
Unknown 6 4
Total 153 ' 100

— - 4
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(In interpreting the statistics 1t 1s necessary to make
due allowance for the diurnal variation of alr transport
end the "blind" (instrument) character of night fliight
through storm conditione, which are superimposed on the
resulte due to the natural diuvrnal variation of convective
and atmospheric electrical activity.)

5, ALTITUDE

Plight altlitudes at the time of digruptive discharges
to aircraft have varied from 700 to 18,000 feet above sea
level, The altltude range wherein the phencmenon has '
occurred most frequently is from 6000 to 11,000 feet adbave
sea level and 4000 to 9000 feet above ground, The follow-
ing table shows the actually observed distridutions, (Civil
Alr Regulations require that on~airways flight be conducted
at:indicated altitudes above sea level corresponding to
designated whole thousands of feet, Hence, as ghown by
the table, the altitudes of meximum recorded frequency of
occurrence of discharges to aircraft are coinecldent with the
mosgt frequented. levels of on—alrway traffie, PFor this
reason the statlistics must be treated with reservations,)

-
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Frequency distribution of altitudes above sea level and above
ground on the occasion of disruptive discharges to aircraft
during the period March 1935 through December 1944 {one case
observed July 1922 also included)

Indicated Indicated ' Altitude Altitude
altitude Number [altitude Number || above Number | above Number
above sea of |above_see of -ground* of ground?l of
levell cases {level cases || {thou~ cases | (thou~ cases
(thousands (thousands sands of sands of
of feet) of feet) feet) feet)
0.0 0 9.5 4 0.0 2y 9.5 3
o5 ®1 | 10.0 } 21 .5 % 10.0 5
1.0 2 10.5 b4 1.0 1 10.5 2
1.5 0] 11.0 22 1.5 0 11.0 2
2.0 1 11.5 2 2,0 4 11.5 1
2.5 (0] 12,0 6 245 1 12.0 2
3.0 2 12.5 ‘1 3.0 4 12.5 ]
3.5 3 13.0 7 35 7 13.0 4
4,0 6 13.5 1 4,0 12 13.5 2
4,5 1 14,0 53 4,5 5 14,0 4
5.0 3 14,5 0 5.0 10 14,5 0
5.5 1 15.0 5 5.5 4 15,0 0
6.0 19 16.5 0 6.0 18 15.5 0
6e5 1 16.0 0 6.5 12 16.0 0
7«0 12 18.5 0 7«0 13 16.5 1
Td5 5 17.0 o Teb 7
8.0 20 "17.5 c 8.0 9
8.5 i 18,0 2 8.5 3
9.0 17 9.0 12

'The altitudes shown represent the midpoint of the class
interval which 1s 500 ft, For example, the designation 1000
ft represents the range 750 to 1249 ft; similarly, the desig—
nation 1500 ft represents the range 1250 to 1749 ft. The in—
dicated altitudes above sea level are based on readings of
altimeters usually sdjusted to the barometric sl ti meter set—
ting of the nearest weather station reporting by radio. Alti-—
tudes above ground are derived from the former data by sub—
tracting the estimated ground elevations,

20ccurred while aircreft was on the ground.

3One case occurred at 200 f¢t,
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6, TEMPERATURE

A total of 150 reports of disruptive discharges to air-
craft with temperature data included were avallable for this
study. Of this total, 88 percent (132 cases), occurred at
temperatures of 41° F or lower. The temperatures con-
current with the discharges fell with greatest fregquency in
the range 28° to 35° P, since 59 percent (88 cases) were con-
centrated within this interval, The values 28° and 32° P
were reported most often (16 and 23 cases, respectively).
The average temperature of the 132 cases reported at 41° P
or lower was 30.59 F; while the average temperature of the
88 cases between 289 and 35° ¥ was 31,59 F., The lowest
temperature involved was -5°% F, observed within a thunder~
storm at 18,000 feet above sea level, The highest temper-
ature reported vas 859 F, This value was Observed about
the time of a disruptive dincharge to an airplane which was
located approximately 5000 feet from what was apparently a
cumulo-ninbus cloud, the airplane being at an altitude of
3600 feet above ground, The B5° F value of temperature,
reported for a location in southwest Arizona during April,
appeare to be too high and is open to doudt, However, a re-
port 1s at hand regarding a disruptive disgharge to an air-
craft in another location at a temperature of 82° F, This
cccurred 50 feet below a cumulo-nimbus eloud base which was
900 feet above ground.

Statistica regarding the frequency of different temper-
aturee observed at time of occurrence of disruptive dis-
charges to aircraft are given in appendix IV, (The selected
flight altitudes and the prevailing meteorological conditions
in the various seasons and locslitles largely determine the
free-air temperatures experienced at the time of the dis-
ruptive dischargea, It is difficult, on the basis of the
statistics alone, to separate the effects of the various
factors involved and to appralse their relative importance,
However, for independent evidence concerning the correlation
of temperature with conditions under which high potential
gredients will be found, the reader is referred to sectiocn
17 and ‘appendix VI,

7. CLQUD AND THUNDERSTORM CONDITIONS

The prevailing sky condition on the occasions of dis-
ruptive discharges to sircraft was overcast, although broken
clouds were experienced with fair freguency.
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The principal cloud types in connection with which the
electrical discharges took place wsre cumulo—nimdus, cumulus,
andl strato-cunulus with 2 few other types occasionally indi-
cated, The cases involving these pricipal cloud types were
roughly in the ratio of 10:5:3, respectively. They are all
of convective origin,

A great majority of the disruptive discharges took place
while the aircraft were definitely in clouds., A small pro—
pertion occurred while the aircraft were flylng in and out
ef, or just emerging from, clounds, in every case quite close
to the source, A slightly smaller proportlon suffered a
lightning déischarge while definitely outside of clouds at
distances varying from 20 to 5,000 feet,

0f the first—mentinned cases, namely, those deflnitely
in clouds, only 45 percent repcrted that lightning was
observed in the vicinity before or after the discharge, thus
showing thet active thunderstorm conditions were manifested
in slightly less than half of the cases, The reports in the
remaining 55 percent indicated thet no natural lightning was.
observed in the vicinity of the aircraft immediately prior
to or following the occurrence of the disruptive dischargs,
From these data and other considerations (see sesc. 18 )
it may be inferred that the presence of the aircraft 1is
instrumental in initiating disruptive discharges in some
cloud conditions where lightnling would not have developed
spontaneously in the absence of the alrplane, other factors
being equal,*?

The instances where disruptive discharges were ex—
perienced ouLtside of s cloud were prectically always associated
wlth cumulo—-nimbus clouds or active thunderstorms, The cloud
was invariably of the cumulo-nimbus or (presumably towering)
cumnulus type when the discharge to the alrplane took placs
while 1% was flying in and out of, or Jjust emerging from, the
cloud, {There 1s some doubt about certain of the data since
it 1s difficult to classify clouds in instrument flight under
overcast conditlons, Thus some cases in middle latitudes where—
in cumulus clouds were reported actually must have involved
clouds of the cumulo—nimbus type, a&s evidenced by the presence
of showers or heil,)

1The date lead to the implication that some cumulo—nimbus
and perhaps other clouds have potential gradients insufficient
for the evolvement of natural lightning, yet sufficient for the
formation of a disruptive discharge when altered by the in—
trusion of an airplane into the socene,
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" 8, PRECIPITATION CONDITIONS

‘Considering the ceses where the discharge was experi-
enced while the aircraft was definmitely in a cloud, all of
them, with thres exceptions, involved concurrent encounter~
ing of precipitation in some form, The distribution by kind
of 'precipitetion, both 1in and out of clouds, was as follows!
rain alone, 31 percent; rain mixed with some form of frozen
precipitation, 23 percent; and eome form of frozen precipil-
tation alone, 3% percent., The types and intensities of pre~
cipitation encountered are shown in the table helow. The
statistics show that nesrly three-~fifths of the cases involved
frozen precipitation at the same time, with snow being the
predominant form. This result is consistent with the temper-
ature data previously. cited,

It is important to note that conditions favorable for
an electrical discharge t0 gn alreraft can be encountered in
Snow and in related forms of precipitation.

Frequency distribution ‘of precipitation types and intensities
on the occasions of disruptive discharges to airoraft during
the period from March 1935 through December 1944 (This table
includes cases Both in.and out of clouds.)

Precipitatlon type R _lntensity of preclpitation [Total jPercen‘~-
- S No. of|age of
Light | Moderate | Heavy |cases | total

Rain .. . f | = 14 50 31

-
ae]
[

Snow Come e e e g
Ice’ crystals S
Sleet 3 ST '
Hail R

n
[

Rain and snow

Rain and sleet?

Rain and hail . )
Rain, snow, and sleetl
Rein, snow, and hail . S
Raivn, snow, sleetl, and hail

Snow and sleet® or ice pelletsl-
Snow and hail - . P T AL
Snow, kleetl, and- hall R

OCOHIONO KGO MO
OFG|HKF MMM G]| e
HHE OO M ] oD ©

1
]
1
l-l

BOIRPMNDOIFPEPA D2 O

=

No precipitation e
Not reported T o - -

W PHOFPOMMOR]| Mo ©

{

o
N
[
o]
o]

Total : 31 68 100

Percentage of total 15 | 42 26

ITt is probable that some of the precipitetion reported as sleet was
sactually small hail. This opinion is baased on current metecrelogical
definitions of these hydrometeors,.
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9. TURBULENCE

Statistlcs regarding the degrees of turbulence experienced
at the tiues of disruptive discharges to aircraft are given
in the followlng tablss, It 15 ingstructive to note that there
was a slight tendency for stronger (severe or moderate) tur—
bulence when a frozen forn of precipitation was sncountered
th2a when rain alone was encountered, This tendency was niore
proncunced when a conparison was nade between the degrees of
turbulence when frozen forms of precipitation were present
and no precipitation was present and still more marked when
turbulence involving hail was compared to turbulence in-—
volving no precipitation,

In the repcrts covering the period 1935 through 1940,
during which time conparatively small size aircraft were in
general use, it was found that when hail or some form of
frozen precipitation was encountered the proportion of cases
of severe turbulence to cases of moderate and slight tur—
bulence wes consliderably greater than when rain alone wag en—
countered, However, the reports since that time (1941 through
1944) involved larger planes and indicated a preponderance
of slight over noderate and severe turbulence, Owing to the
relative basls of pilots! Jjudgment of the degree of turbulence,
this recent tendency in the reports may be attributed to the
use of larger and heavier planes, improvements in the skill of
pilots, inprovements in the structure of aireraft, and so forth,
all of which generally lead to lcwer estimates of the intensity
of this phenomenon, A nmore definite summary could be made if
there were avallable an instrument which could accurately
determine the various degrees of turbulence,
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" Frequency distribution of various degrees of turbulence encoun=-
tered in the principal cloud types,
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other cloud types,

and out

of clouds, on the occasions of disruptive discharges to alr-
eraft during the period from March 1935 through December 1944

Cloud. condition

. Degree of turbulence

- Slight Moderate -Severe Total
— . number
-Number [ Percent | Number |Percent | Number; Percent of
~of. | of of of of of cases
_.G&BGB O&SBS - casges, cases ' ca.868 cases
Cumulo-nimbus, . 25 |:.. 15 22 -1 13 . 7~ 4 54
Cumulus. .. . 17 10 14 8 2 1 | 33
Strato-cumulus 12 .7 3 2 0 0 15
.| Nimbo=stratus - - .2 1 1 o1 3 2 6
Other clouds 15 9 13. . 8. | . 2 1 30
Out of clouds 17, 10 6. 3. 1 2¢
‘Date incomplete ' - lg la - 8
' . ; : lg g
Totel 88 52, 59 35 - | 15 9 | 170

iDegree of"turbulence or ‘cloud condition not reported.
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Frequency distridbution of varlous degrees of turbulence accord-

ing to precipitation conditions

on the occasions of digruptive

discharges to aireraft during the period from March 1935 ﬂupugh

December 1944

Degree of turbulencs

Total
Precipitation Slight Moderate Severe number
condition of
Number Percent| Number| Percenti Number | Peroent | ©&868
of of of of of of
cases | total | cases | total | cases | total.
None 15 2 3 2 2 1 20
Rain 27 18 17 10" 5 3 49
Rein and frozen
precipitation 15 5 13 724 1| 2/3 29
Frozen precipitation 19 11 22 13 4 2 45
Hail 3 2 0 0 2 1 5
Hail end rain 1 2/3 1 2/3 1 2/3 3
Hail end frozen
precipitation | 1 2/3 1 1 2/3 0 ) 2
Heil, rein, and frozen
precipitation 1 2/3 3 2 1 2/3 5
Unknown 210 | ®s 10
3 2
Total 82 49 60 36 3{2 S— 168
1The fraction 2/3 indicates 2/3 of 1 percent,

®Degree of turbulence or preclpitation condition not

reported.

10, CONVECTIVE ACTIVITY IN CUMULIFORM CLOUDS

AS CONTROLLED BY AIR MASS COKDITIONS

Ag 1s clear from the data already presented, disruptive

discharges to aircraft require for their orlgination the

existence of a cloud and precipitation condition character-
ized by convective activity favorable for the development of
The presence of a meteorclogical

intense electric fields,
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setting conducive to the formatlion of such fields is greatly
determined by (a) the characteristics and interactions of the
elr masses which form the basic constituents of the weather
situation, and (1) the physical processes which ftake place
within and between the azir messes, (See appendixes I and V
for introductory, explanatory material.} Since the air massss
are basic elements in the meteorological environment, it Is
essential to give them first consideration from the stand-—
point of those properties which control convectlve activity
and cloud formations. From the statistics given in the next
section, 1t ie evident that the convective activity and cloud
developments which yield condltions favorable for disruptive
discharges to aircraft are generally resultants of the
interaction of alr masses of tropical and polar origin, perhaps
conditioned by passage over land or water surfaces, and modi-
fied or operated upoa by various physical processes,

Tropical maritime air masses which are generally warm,
moilst, convectively unstable at moderate elevations zabout

2600 to 6500 ft or somewhat higher), and often conditionally
unstable to or above the level of 15° F temperature, are most
favorable for the development of convective—type (cumuliform)
clouds and thunderstormas when acted upon by the processes
outlined in appendix V. Other moist air masses like those

of Polar Pacific origin, which are modified by passage over

a warmer surface and thus have become unstable, are also
relatively favorable for such conseasvences. Fresh outbreaks

of cold polar or arctic air masses rapidly passing over molst
terrain, considerably warmer than themselves, are alsoc con-—
duclve to the developments 4n guestion, provided the warm—

ing from below is sgufficlently prolonged to wipe out hindrances
to penetrative convectlion to high lcvels, such as low-lying
inversions, . (An "inversion" 1s an increase of temper—

ature with height,)

If an air mass is abgolutely stable while condensstion
takes place, the clouds produced will form in layers, that is,
will be stratiform (ss explained in apperndix V), and the
chances of electrical discharges to aircrat will be rela—
tively slight. But if the air mass is ccnditiznally un—
setable, the clouds will be of the cumuliform vaeriety, and
the chances of experiencing & discharge very much greater,

The important clouds from the standpoint of this study
are: cumulo-nimbue, cumulus, and strato—cumulus, The
definitions are as follows:

-
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Strato—cumulug: A layer (or patches) composed of glo—
bular masses or rolls; the gmallest of the regularly arranged
elements. are fairly large; they are soft and gray with darker
parts,. These elements are arranged in groups, in lines, or
in waves in one or in two directions., Very often the rolls
aTe so close that thelr edges Join together,

Cumulus: Thick clouds with vertical developmenf' the
upper surface is dome—sheped and exhibits rounded protu—
berances while the base 1s nearly horizontal,

Cumulo—nimbgg Heavy magses of cloud, "with great ver—
tical development, the cumuliform summits of which rige in
the form of mountains or towers, the upper parts having a
fibrous texture and often spreading out in the shape of an
anyil, ' (The fibrous texture is indicative of the presence
of ice crystals,) Cumulo~nimbus clouds generally produce
showers of rain or snow aend sometimes of hail, and often
thunderstorms as well,

Cumulo-~nimbus clouds generate the heaviest quantities of
electrical charge and contain the most intense electrical
flelds, They also are most hazardous on account of the great

strength of turbulent currents and mors frequent. presence of
haill,

Cunmulo-nimbus clouds generally develop by transformation
from a towering cumulus clnud after the top of the cumulus
cloud has grown by convection up to & level where freezing
of water—cloud partlcles occurs, The presence of 1lce crystals
formed by this freezing has an important bearing on the
characteristics of cumulo-nimbus clouds mentioned,.

Each active towering cumulus and cumulo-nimbus eloud has
2 more—-or—~less vertical core of rapidly ascending molsture—
laden air, It usually is displaced somewhsat.toward the lesad-
Ing half of the cloud, Surrounding thils core is a zone of

air extending to the edge of the cloud which is characterized. -

by descending currents a good portion of the $time, Many ex-—
ceptions to this distridbution may be found due to local
irregularities, but in every case fturbulsence is likely to

be severe where strong conflicting currents adjoin, 'This is
also true to some extent in the general nelghborhood of the
freezing level in active cumulo-nimbus clouds, The. vertical,

upward velocity of the core ranges from rates of about 1000
feet per minute or slightly higher in ordinary, middle lati-
tude, moderate cumulus clouds to as nuch as 9000 feet per

minutp or more in thunderstorms where large hallstones fornm,
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The top .of the rising current is usually very .turbulent in
active, growing clouds. The downward velocities are roughly
of the order -of one-half of the upward velocities but at
lower levels greater values can sometimes be expected.

The ascent of the core of air is due to prevalllng in-
stability of the atmosphere under saturated conditions, which
gives rlse to convection, The greater the degree of in-
stadility the more vigorous will be the convection and the
more rapid will be the rate of feeding of water vapor into
the cloud system. In addition, the larger the wvapor content
of the air mase, the lower will be the cloud base and the
more copious will be the supply of vepor and of latent heat
for mainteining convection after condensation begins, When
the air mass is convectively unstable, the smaller the smount
of 1ifting necessary to secure release of the instability,
the greater is the likelihood that the energy inherent in .
the stratificetion will become available for convective
activity in the clouds. The deeper the layer characterized
by instability (for unsaturated air below the cloud and for
gaturated air within the cloud layer), the greater will be
the height to which the clouds grow and the more intense
will be the convection. To assure cumulo-nimbus and thunder-
storm formagtion, it is essentizal that the instabillity for
saturated air extend to elevations appreclably above the
freezing level, The farther above thia level the region of
conditionel instability extends, the more probable will be
a transformation from cumulo~nimbus eloud to active thunder-
storm, and the hegavier will be the showers emanating from
the etorm. In those caseg where the freeging level 1in the
cloud is a considerable distance above the lowest level at
which free thermsl convection beglns, and where the con~
vective energy imparted to parcels ascending through the
interval is relatively great, the velocity of the rislng
saturated currents becomes quite large within the freezing
zone, The cloud c¢an then readily build up to heights well
above the freezing level., Morsover, considerable quantities
of water can be entrained in the strong updrafts, so that
the concentration of ice crystals and water particles becomes
great. The ice crystals grow by condensation of vapor and
by collisions with supercooled water particles which freeze
on contact at temperetures below 320 F, Sleet pellets and
snow crystals thus are produced., When sufficiently heavy
they fall, co0lliding with other particles and grow further,
On falling below the freezing level they melt, thereby form=~
ing large raindrops. Hall also may form if the sleet pellets
suffer several up and down transita in the turbulent, wet
alr., When the updrafts are cut off in any way oOr are 80
reduced in estrength as to have leess velocity than the velo-
city of fall of the particles in st3il11 air, the water, hail,

iProvided the potential pseudo-wet—buldb temperature
exceeds 329 F,
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and so forth, held in suspension descend in torrents.
Evaporative cocling below, alded by other thermodynamic pro—
cesses, may sugment the lnstability =nd cause accelerated
descent of considerable quantities of underiying air, Down-—
drafts then become extremely powerful, and usually dangerous,
Aircraft caught in such strong descending currents might
possibly be carried to esarth, Twisting eddies with high
accelerations may become so cverwhelmlingly violent in the
boundary region between the updrafts and downdrafts of
thunderstorns and well-developed cumulo—ninmbus clouds that
aircraft can becone unmaneuverable or suffer damage, In
addition, heavy 1lce may be deposited on an aircraft in the
supercocled water portlon of the cloud,

Eigh concentrations of electric charges are built up in
particular regions of the cumulo—nicbus cloud by the actlon
0f certaln electro—generative processes to be discussed later,
(See section 17, and appendix VI,)

Accordingly, the phenomene described in the preceding
few paragraphs are highly conduclve to the development of
cumulo-<nimbus clouds and thunderstorms in which cornditions
very hkazardous %o aircraft may be encountered,

The edverse conditions in towering cumulus clcuds may
approach in intensity those outlined above for cumulo—nimbus
clouds and thunderstorms,

Tropical cumulug clouds usually are characterized by
especially severe turbulence and should te avoided, Phis
injunction affects nighttime flying in the troples,

11, STATISTICS OF GENERAL METEOROLOGICAL SITUATIQN

The classification of appendix V regarding meteorolog-—
ical processes involved in the develcpment of cumuliform
clouds is helpful in analyzing the general meteorological
situations prevalent on the occaslons of atmospheric elec—
trical discharges to alrcraft, Restricting the statistics
to thé period 1938-44, inclusive, the following table shows.
the number of cases of such discharges to aircraft in clouds
end precipitation classified according to processes involved
in their development, Owing to the great mulftiplicity of
meteorological factors operating in some instances and to
the difficulties of making correct analyses of synoptic
weather charts in complex slituations, some of the cases
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reported in certain categorilaes hereunder may not be properly

.7 classifled, However it may be expected that -the data do

) indicate nearly the proper proportions at least in the pre—
doninant and simple categories. s

Number | ~ Cdusative prccesses of clouds -and. precipitation
~of . involyed (according %o reports rendered by air—
cases f line meteorolagists) S :

39 | Cbld—f:bnt.action;(@lcne) '

17 Warm—-front action

le . .Heating of an. alr mags.- frou. below .
15 C Orographic 14fting intensifying frontal action

' {T1'caan’e ecclu&ed front; l4: cases, -cold

oo front) :

14 Orographic lifting (alone)
11 . Oceluded and upper«cold—front acticn’
'8  }|' Prefrontal action: - S oo

7 /1. Convergénce?. (alone) -

5 i Qombination of . crographic 1iftinr, conver snce,

- """ and frontal action
5 ..Combingtion ;of orographic lifting, convergence,
. . and heating of air uwese.at surface-
4 "Orographic lifting plus convection from heating
of alr mass at surface
2 ; Wave action in conjunction w1th an ‘occluded
’ . front P :
2 Lifting ak an intertropical front

2A diagrammatic represcntation of upper—cold—front
action may be found in fig. 63, p, 90, reference i.

“Convergencer- Air—-line end army mebeorologists who
_furnished.the.outlihe,fqn-this breakdown attrlbuted these
cases to convergence alone, It is prcbable that <ther con-
" ..comltant causgs were also. involved, and that with more
definite informatiop these cases could be distrihuted anong
the other categories, :

Although the. data imply tha 1ndicated procesees are the
principal caugatlve factors, it must be recalled that & nun—
ber of factors usually cperate in sequence or concurrently,
.either paving the way for .the final event in question or
immediately bringing it .about,  The information conveyed by
the table must be viewed. with this reservation in wmind,
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The table indicates that in the cases under consideration,
cold—front action was by far the predominant causative factor
leading to the cloud formations and precipitation involved in
distuptive discharges to alrcraft. Also of considerable im—
portance were the effects due to warm—front action, heating
of an air mass from below, orographic liftlng ( operating alone
or in conjunction with cold—front action) and occcluded— and
upper—cold—front action.

Probably the reason these factors appesr most frequently
igs that cumuliform clouds and thunderstorms produced by all
types of frontal asction and orographic lifting develop along
lines which are difficulft %o circumnavigate, whereas those
produced by heating at the surface develop more or less in
isolated groups which are comparatively easy to avold and
hence are not so often reported.

12, ST, BLMO'S FIRE ( CORONA) AND PRECIPITATION STATIC

As a rule, but not invariably, disrupitive electrical
discharges %0 aircraft flying in clouds or precipitation
have been preceded by moderate or severe St. Elmo'ls fire or
precipitation static. The proportions with which the dif-—
ferent intensities have been experienced under these circum—
stances are shown by the followlng data: slight, 16 cases;
moderate, 45 casesj and severe, 79 cases.

The time prior to the disruptive electrical discharge
that the sftatic or St. Elmo's fire was first noticed variled
from 4% hours $o0 a fraction of & second. The most frequent
time was in the neighborhoocd of 2 to 3 minutes, although
20 to 30 seconds was also quite freguent,

Some idea of the relative distribution of St. Elmols fire
on the various parts of the airplane is given by the follow—
ing datse which represent the number of times the phenomenon
wag reported at the indicated loczmtions: propeller, 41; nose,
223 wing, 15} windshield, 8; static and pitot tudes, 4; wind~—
shield wiper, englnes, transmitter, and entire airplane, each
1. It is probable that corona discharges and streamers often
have occurred st tail and other surfaces but were not re—
ported because the pilot did not see them,

The St. Elmol's fire took a form varying from fine-brush
discharges to corona streamers ranging approximately from a
few inches to 10 to 15 feet, or even longer (the latter
roughly 4 to0 6 in. wide), streaking from the propellers and
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projecting forweard like forked fingers frow the wing tips,
A halo of the streamers might envelop the engine or the ncse
‘of the airplane,

Theoretical Discussion

The corona discharges, being viaable only as St, Eluo's
fire 1n %t he darkness and invisihle in the daylight, could
not always be observed, even though present, Precipitation
static, which consists of "erylng," hissing, or "fryingh
noises that may run vp and down the nusical scale 1in the
radlo receiving set, is apparently due to corona discharges
from various sharp or convex polnts on the aircraft., The
corona dlsclarge takes place only frcm a given point when
the potentlal gradient in the air adjacent to the point
reaches & certain critical value, depending largely on the
air density, The diccharge heas the character of a direct
current with steep wave—front current ilmpulses 'which produce
radio interference and ssriously hamper the usefulness of
radio equipment, (See references 4, 7, and 8,)

Metallic alrcraft, whiie flying through certain metecr—
ologlcal conditions, can build up potentlal gradients of
conslderable magnitude at favorable points, principally by
the following procesaes. : :

(2) Generation of electrical charges by triboelectric
effects (that is, by friction or ccntact) in—
volving the action of the moving airplane and 1ts
parts (including propellers) :on $0l1id, ecspecilally
dry, suspended- particles, such as ice crystals,

. vsnowflakes, sleet, hail, sand, and dus? en—
countered 1n flight, The action may be by split—
ting, glancing collision, or pressure, that ia,
piezoelectric effects, The mechanisgn of charge
generation invelving solid particles is by far
the most effective of all the mechanisus here
listed (a—-d); Wet snowflakes, by themselves,
give 1little electrical charge to an aircraft en-—
countering them, . .

(b) Generation of electrical charges by triboelectric
effects involving the action of the moving air—
plane and its parts on sucpended water dronlets
encountered 1n flight, Generally, the violent
disruption of the droplets. (by acceleratione or
decelerations of the mediun carrying ther, as
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shown by Lenard (see reference g})} causes the
larger fragments to acquire positive electrical
charges and the more minute fragments flung off
or the associated ilonsg carried by the air %o
acquire negative charges. The residual, larger
fragments, coming into contact with the aircraft,
impart their charges to it, Oompured to the
mechanism given under (a), the Lerard effect is
of relatively little impcrtance from the present
viewpoint and charges the airplane to a minor
degree,

(c) Cecllection of electrical charges on an airplane by
collision with predominantly postively or negatively
charged cloud or precipitation or dust particles,
or ions, (This phenomenon is likely to be of
ninor importance under cordinary cirrcunstances, )

(&) Generation of electrical charges by a mechanism in-
volving, first, induction of charges of sone
iven sign on leading and trailing edges, res—
pectively, of wings, due to the inflmence of the
eledtrical field component which colncides with
the heading of the airplane, and second, selective
attraction tc the leading edge of charged par—
ticles having opposite sign, (This lnduction
process 1s analogous to that described by Wllson
for electrification of falling drops in a verti-
cal electrical field, (See appendix VI.,) It is
possible that the process for present purposes
is not likely %o yleléd@ important quantities of
electrical charge, )

The foregolng processes wlll be most effective for
charging up the airplane when they act cooperatively, It is
apparent that this cannot occcur except in precipltation and
in elouds which tend to generate slectrical charges within
themselves and which are acted on by mechanisms that permils
separation of the opposite charges, thus lezding %o crsation
of strong electric fields, Therefore, cumnulus and cumulo—
ninbus ‘clouds. as well as thunderstorms come into consideration
here, In addition, precipitation from such clouds generally
carries charges; while snow and ice crystals llkewlse do when
in turbulent alr because of triboelectric effects among the
particles themselves, Fogs and stratiform clouds consisting
of water droplets are not characterized by strong elecirie
fields and usually are noct asspciated with St, Eimots fire
and statlc, Dust storms generslly lead to generation of
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electrlcal charges by triboelectriec action and marked modi-
ficatlon of the earth's electric field, so that corona dis—
charges are possible therein,

During flight through falling snow and ice crystals,
especlally when cold and dry conditions prevalled, pilots
have often experlenced corona discharges, A1rp1ane wind—
shields have thmne been observed to glow with a brush dis-
charge, This probably is due laergely to the fact that tribo—-
electric action involving frosen molisture particles is highly
efficacious for producing charges, doubtless more so then for
liquid water, weight for weight, An additional fact, based
on observations by pllots 1s that the transition stage in which
water droplets are forming by melting of snow is likely to be
characterized Py especilally intense corone discharges and pre-—
clpltation ‘statlic, Light rain ordinarily yields 1little or
no static, . . : ’

The explanation of the causes of corona discharges during
flight is not simple, and all the details are not fully known,
However, it appears reasonable to eongider that the follow—
ing two factors are of primary .importance in connection with
the phenomenon:

1, Under circumstances favorable for the operation of
the electirical generating and ccllecting processes outlined,
the airplane will acqulre slectrical charges, When the
charges are acquired, they distribute themselves over the
entire externrl conducting shell of the airplane, However,
in view of the mutual repulsion of like charges they tend to
concentrate in the extremlties, espocially on parts of greatest
convexity like wing tipas, tail, nose, propeller tilps, non-
shlelded radlo antennas, or any dther existing sharp points
or edges, Owlng to this effect, the potentlal gradient in
the immedlate neighborhood of the airplane, due to the con~
centration of charges, will be a maximum in the alr space
ad jacent to the projectlions of greatest convexity, When the
amount of accumulated charge-is sufficient, the resulting
potential gradient in the alr adjacent to the more sharply
curved projections uay exceed the critical potential gradient
at which the alr ceases to be a good insulator and dbreaks
down electricelly, Then, brush or corona discharges occur
from the protuberances in gquestion, A greater accumulation
of charges will lead to development of the critical potential
gradlent near blunter projections and so extend the corona
discharges to additional parts of the airplane,
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2, When the alrplane ig in an electric field, say be~
tween two oppositely charged regions within a cloud, negative
charges are induced on that portion of the airplanefs con~
ducting surface which is on the side of the positively charged
cloud region, while equal positive charges are "induced on the
opposite surface. This effect is independent of a@ny net charge
which the airplane may have acquired,s The concentration of 1in-
duced charges 1s greatest at protudberances or points.of
greatest convexity in line with the original field and the
resulting potential gradient is most intense in the adgacent
air spaces, .

The phenomenon may be summarized by saylng that the mere
presence of the netallic craft will distort the electric fileld
In its neighborhoed in such a way that the potential gradient
at those extremities of the aircraft which are directed- .
perallel to the fisld will be many times as great as the
potential gradlient of the undisturbed electric field prior
to entrance of the airplane on the scene, This may be 1llus—
trated by the following hypothetical examples Lf an un—
charged (all-metal) airplane had the shape of a sphere, its
introduction intec a uniferm electric fleld would distort the
field and produce a anxlnum of potential gradient in the alr
spaces adjoinling diametrlcally opposite points on the sphere
lying in the direction of the original field, The potential
gradient at those polnts will be tkree times as great as the
original potential gradient in the undisturbed field, Ths
potentlal gradient at sharp protruding objects in the neighbor-
hood of these points would be very much greater because of
the concentration of charges mentioned

When the inltlial potential gradient of the field is
sufficiently great, the process of induction of charges Just
outlined may Iintensify the potential gradient to such an
extent near favorably situated protudberances that the critlcal
potential gradlent at which coronas form will be attsined,

As previously explalined, this 1lezads to S%, Elmots fire at
these projections and radio interference,.

A disruptive disdharge'dces'not follow unless the average
potential gradlient in the ‘space between airplane and charged
cloud regions iIs sufficiently high to permit the propagation
of pllot streamers from the airplane to these regions, so
that the charges may be tapped and a lightning discharge
ensue- (See appendix YII and section 18.)

It is possible for the two factors described ((1) acguire—
ment of charges, and-(2) intensification of potential gradient
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at extremities due to distortion of field by induced .charges)
to act cooperatively, thereby strengthening the potential
gradient to a greater degree than ls posslble by the action
of either factor alone, In thls manner coronas of consider-
able lntensity may be produced,

On- copparing the relatlve potentiallitles of the two
factors in gquestion, 1t seems likely, and there are reasons
for believing, that the more intense glow and brush die—
charges may be experienced when approaching the edge of a
charged cloud, or when flying in a strong electric field
between two oppositely charged regions of cloud, Corona disg-—
charges are generally milder if due only to t he acguiring of
a net charge by the airplane, Dilscharges from thls cause
willl be encountered more freguently than those from strong
electric fields, especially when flight ls conducted where
ice crystals are plentiful or where dust storme are in progress,

Static interference in the radioc equipment may become
very seveore from the marked steep wave-front current im-
pulses which characterize corona discharges of notadle degree,
An intensification of the disturbance also may occcur by the
impact of electrlcally charged precipltation particles upon
expoased antennas.or other radio parts which gshock—excites
the radio circuit and creates interference,?

Pilots have reported, in accordance with theory.1 that
lnerease in intensity of the corona dischargse, Jjudglng by

visual observations, is attended by increase in severity of
the radio interfersnce.

Various devices have been used %6 reduce precipitation
static. (See, for exampls, references 6, 7, and 8. With
regard to these, Gunnl has summariged the matter as follows!

(a) Shielding of the receiving antenna loop has been
obiserved to reduce interference under a11 condl-
tions at low frequencies.

(b) Discharge devices connected to the airplane notably
reduce the interference, especially at tempera-—
tures below 20° F, if they are placed at a con-
siderable distance from the airplane, by use of
a trailing wire or otherwise electrically de—
coupled from the airplane,

1Gunn, Ross (U.S. Naval Research Laboratory): Informa—
tion as reported at a National Defense Research Committee
conference.
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" (e) The guasi-musical naturse of much of the inter—
ference and the fact that maximum reduction 1ls
obtained when the sharp points are removed a few
feet from the airplane smphasizes the fact that
a large percentage of the actual interfersence is
local in nature,

BEffectse of Speed

It has been reported often_that the intensity of pre—
clpitation statlec incresses with increase in airplene speed,
and that the intensity of fthe static may be reduced by de—
creasing the speed,

Several explenetisns have been offersed for this phenom—
enon, In regard to these 1t should be noted that the larger,
faster, and more numerous the propellers, and the larger and
faster the alrplane, the more rapid is the rate at which 1t
may produce and acquire charges, When Jjust enough chargses
are accumnulated at lower speeds to cause attainment of the
sparking potential gradient near projectlions of greatest
convexity, a limited amount of corona discharges nmust result,
This involves an equilibrium condition wherein the rate of
leakage of charges from the alrplane via the corona currents
is equal to the relatively low rate of accumulation of charges,
As the speed, and hence the rate of accumulatlon of charges,
is increased, there is an sugmentation of the charges held
on the airplane, attended by an increase in 1lts potential,
This follows Dbecause the limited leakage of charges from the
sharper points has been insufficient to prevent this change
in potential from occurring., Therefore, the potential gradient
will be intensified at these points and the sparking potential
gradient may be attained at projections of lesg and less
convexity, Consequently, the total corona current, and hence
the intensity of the precipitation static, must increase with
the speed and the other factors noted,

Further explanation of the relatidn between speed,
corona discharges, and precipitation static may be found in
the effects of an airplane flying through charged precipi-~
tation or cloud particles, The motion of the airplane rela-
tive to the particles forces theém to be driven closer to-
gether and then possidly to coalesce. If two liguid water
droplets possessing an equal quantity of like charges are
caused to merge, the resulting single, larger droplet will
have a greater field strength at its surface than the original
éroplets, barring changes in the external field conditions.
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Differences of potential are thus established between large
droplets and smaller droplets similar to those from which
they are formed by coalescence, (This nay be readily shown
to be the case under the assumption that equal like charges
reside at the surface of t he smaller droplets and that the
droplets behave like conductors.)

When the larsger droplets are brought into Juxtaposition
with the remaining emaller droplets, a corona discharge or
spark may form tetween them because c¢f the potential dif-
ferences in question, If this occurs as the droplets become
contiguous to the alrplane, the corona or spark will convey
charges to or from the metallic structure, If the latter 1is
at a different potential than 'the droplets, the sparking will
be heightened, Thus, as the intermingling large and small
droplets are swept along the surface of the aircraft, the
multitude of milnute currents produced irregularly in this
fashion creates radio Iinterfoarence, As the speed lncreases,
the effect will urndergo & corresponding intensificatlon,

An attendant phenomenon is of interest here in con-—
nection with the raw: action of the airplane, The driving
of the airplane through visidble moisture crowds together a
myriad of the precipitation or clouwd particles, If these
are largely of one eign electrically, the squeezing or con—
centration of any given number of the charged particles into
a smaller space increases the local field intensity and po-—
tential gradient, As a consegquence, there is greater elec—
trical induction on the surface of the airplane structure
and hence strengthening of the potential gradlent near the
extremitises, Since increased speed produces greater ran
action, it follows that this will be accompenied by greater
manifestations of corona and precipitation statiec,

Another effect of coalescence of water droplets now may
be indicated, Macky (reference 4 } has shown experimentally
that larger droplets will go into corona at a lower potential
gradient than smaller droplets., Before the passage of the
airplane the existing field might have a potential gradient
Just insufficient tc cause the criginal small droplets %o go
into corona, but when larger droplets arc formed by the action
of the airplane, the potential gradient may be sufficient to
cause corona glow or poseidbly even sparking at the droplet
surfaces, The extent of this phenomenon would be determined
by the speed of the airplane, and hence it follows that radlo
interfeveiice would lncreasse with speed, whero the corona or
sparking from droplets occurs near the surface of the alr—
plane as they impinge,
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13, PATE OF DISCHARGE THRQUGH AIRPLANES

A concept of %

he relative fregquency with which atmos—

pheric electrical discharges have taken different paths

through netal airpl
based on approximat
are incomplete in e
to revisien,)

anes is given by the following table
e data, (Some of the avallable reports
xact details; . so the results are sudbject

Approximate
nunber of cases Path of discharge or reverse
19 W¥ing tip to wing tip (or aileron)®
7 Wing tip to taild
6 Wing tip %o trailing antenns or wire
2 Wing tip to fugelags
18 Nose to tail® 2 ,
10 Nose to wing tip
8 Nose to tralling antenne or wire
2 Hose to fuselage o
9 Propeller %o tall
6 Propeller to wing (or aileron)
4 Propeller to tralling antenna or wire
4 Fuselage® to tail®
5 Fuselage to trailing antenna or wire
1 Pitot—static tube to tall®
1 Pitot—static tube to0 $railing antenna or wirg
1 Motor to trailing antenna
1 Motor to tall
1 Leeding edge &t center of right aileron to
trailing edgs
L 2 Radio antenna to wing

1Two cases are
appear to be due to

not included in the above list since they
two or more discharges, In the first

case, 1t was reported that fused marks appeared on both wing

tips, the nose, anc

the tail, Arc—welded spots on the tail

cone were blown open, and the trailling antenna was burned off.

In the seconéd case,

it was reported that lightning burned a

small hole in the right wing, and produced pot marks on the
propeller blades and the hub., Also, the fixed antenns was
burned off the fuselage at the rudder post, and the pickup
arm btrack was burned and dbuckled. '

Tail — some part of tall assembly, as tail cone, rudder,
stabilizer, elevator, tail 1ight, etec,

®Pwo of the cases listed under fuselange" here involved
the fixed antenna on top of the fuselage,
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-The foregoing information indicates a preferernce for
discharging vie the longest dimension of the airplane,
that is, from nose to tail or trailing wire, or from wing
tip to wing tip. ‘However, discharges involving much shorter
pathe .and pointa of entry or emergence on Or near the fuaelage
are not infrequent,

©om

14, STATUS OF TRAILIHG ANTENNA AND STATIC DISCHARGE WIRE

Only a small proportion of the airecraft which made &
report on disruptive discharges were equipped with trailing
antennas. In regard to those which were thus egquipped, the
tbralling enterna was reeled out on approximately half of the
occasions of disruptive discharge. However, only about cne
in three of the trailing antennas reeled out was grounded to
the aircraft at the time of the discharge. Damage to the
radlo equipment is quite common whon trailing antennas are
employed, since existing lightning arresters do not provide
the necessary safeguards to the communication facilitles 1in
all cases where the antennas are ungrounded

During the period 1941~1944 there wore 83 caseg where
report was made concerning the uae of a static discharge
wire; in 456 percent of these (37 cases) the anti-static
wire was operative at the time of the disruptive discharge.
It 1s to be expected for reasons outlined later that the
ratioc of number of cases of damage to radio equipment %o
number of cases tralling antennas were used is significantly
greater than the ratio of number of casees of damage t0 radlo
equipment. to number of cases static discharge wire is used
without tralling antenna. This scems to be borne out by the
meager statistics avallable.

Some adverse and favorable effects of these devices on
disruptive dlecharges are now considered, Ag previously
explained, keeping & trailing antenna ungrounded augmente
the chances of damage to the radio equipment by such electrical
manifestations, However, a grounded antenns may possibly be
conducive to a slightly more intense discharge than an un-
grounpded one, since greater potentiasl differences and more
sxtensive concentrations of electrical charges in clouds
may become involved in the former case than in the latter.

Any grounded tralling wire provides a.cone of protection to

the tail, fuselage, and, to a slight extent, the wings, sgainst
lightning gstrokes from certain_directiona relative to the alr-~
Plane; however, the wire is burned off at some point if it &=
struck.
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Trailing antennas and wires incresse the conductive length
of the aircraft and provide sharp—polinted extremitlies, there—
hy increasing the chances of a digruptive discharge to the
aircraft. For, wher an aireraft with a2 trailing antenna or
wire enters a region of steep electrieal potential gradient,
the increase in length and the presence of the sharp—pointed
extremities may be instrumental in setting off a disruptive
digcharge whiech might not have ocecurred in the absence of
theee modifying faetors. (Seé section 18 for further
explanation,) It aleo appears probable that the intensity
of the resultant discharge generally wrould be greater-when
a trailing antenna or wire 1is employed than otherwise,

A favorable aspect is of interest: Grounded trailing
antennas and ssatic discharge wires may have some mitigative
influence orn the frequenecy of dlsruptive discharges to alr—
ceraft. Thus, the trailing conductors cause leakage of
electrical charges from the aircraft, thereby maintaining them
at lower potentials and reducling the intensity of corona
dlecharges.s Under some circumstances, these effects cause
the extremities of the slightly charged aireraft to be
subjected to less steep potential gradlients than. highly charged
aireraft of the same geometry, and hence tend to reduce-the
likelihood of local development of gradlents- in excess. of
the value at which sparking begins,

It is probadble that the adverse influences of trailing
wires are predominant within or near convective—bype clouds
{such as cumulo—nimbus) characterized by steep potential
gradientsy whereas the favorable influences are predaminant
in precipitation of esolid form such as ice -crystals, dry
snow, dust, or sand, where potential gradients are .generally
weaker than.in. thunderstorms.
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15, LOCATION AND EXTENT OF BURN MARES OR DAMAGE

. The frequency with which various parts of airplanes have
.susbtained damage due o0 disruptive discharges 1s 1ndilcated
in the following tabdble:

Frequency dlstribution of various parts of the airplane
that have been damaged on the occasions of disrunptive
discharges to alrcraft, according to available data for
the period March 1935 through December 1944.

, F¥umber of Illustrative case

Part of sirplane tinesdanmaged nunmber

Wing and/or ailerons® 81 1,2,9,12,17,18

Tail Assembly® 57 3,4,5,6,7,8,13,15,18
Trailing wire or antenna 50 3,7,8,10,11,13,16,17
Radiot ) ) 32 7,8,9,11,15,17
Propelloer . 30 1,5,8,9,12
N oge5 . . 29 5,7,12,13
Antenna (fixed) 28 9,11,12

Fuselage (excluding nose) 27 4,10,11,14,16
Fair-lead or auxiliary

trailing antenns release 14 13,156,166

Conpass 6 5,9
Antenna reel mechanism 3
Direction finder® 3 .
Redio compaes 2

Bulkhesd 2 8,16
Fillet (rear of left

wing fillet) 1
Engine 1 10
Lightning arrester 1l 8

Cable duct and cable 1 10

Interior lights? 1l
Taill wheel 1l
Pickup arn l 9

See correspending case number in following text.

2In this classification, each instance where both winge
Werg struck was counted as one case.

Tall Agsembly was c~nsidered to be any part or group of
parts among the following: elevator, rudder including tudbuler
rudder bow, stabilizer, tall cone, estatic cartridge ftube, and
tall light,

*Includes three cases where the radio became temporarily in— -
operative, :

SCases classified as "nose" include a few cases of damage %0
pltot—static tudbe,

®Includes one e¢ase where the directicn finder became
temgorarily inoperative.

Troudle light in pilot's cockpilt and dome light in navigat~r's
compartment burned out ; no fuses burned out, however,
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The statisties reveal, as would be expected, that damags
ocecurs most often to the extremities of ths aireraft, with
some preference shown for parts of small radlus of curvature
or sharp edges, suech as of wing tips, allerons, rudders,
trailing wires, and so forth, However, 1t should not be
inferred from this statement that exposed parts of large
radius of curvature are immune from damage due %0 lightning
strokes, since the fuselage has suffered such damage on
numerous occasicns, and a fillet (between wing and fuselage)
was subjected to lightning burns in one case.

Iliustrations of the more severe cases of danage are
shown in figures 1 %o 13,

The damage to the aireraft may eonsist of: dburning off
of the fixed or trailing antenna or trailing wire; fusion
of falir—lead; fusion of parts in radlio circuits; small holes
burned in or through fubular ruddsr bow, stabllizer former,
or elevator frzme and edjacent fabric scorched, burned, or
torn loosey small plt marks or fused spots burned on skin,
" rivets, and so forth; emall holes burned through skin or
de—icing shoesj small holes durned through dulkhead; pit
marks burned on propeller blades or hub cap; seams opened
near tail cone; demagnetization or disturbance of magnetiec
compass (see cases 5 and 9); antomatlc direction finder
loop motor burnt out; and so forth. Fires were caused inegide
of the airplane in several cases (see cases 'O and 11), while
in other instances smoke alone was observed.

In case 9, two engines cut out occasionmlly. for a few
minutes after the discharge. In a second case, an engine
apreared to stop for m few seconds, but gquickly resumed
normal functioning, In a2 third cage, oneengine was reported
as "rough" for about 45 seconds after the discharge. In a
fourth instance (& port engine on e British passenger air—
craft strdeck April 17, 1926), an engine .apreared to stop fer
o few seconds, It continued to miss, a2t first badly, then
to a decreased extent for the next hour. .{ In the latter case,
the conpass became comnpletely unreliable., This apparently
wag due largely to magnetizatlion of nearby enginme and radlator
control rods and taill adjustment control chain, The permanent
magnets c¢f the magneto may have been similarly influeneced,
and so may have caused misfiring »f engine.) .

The fused spots referred to give the precise appearance
of spot welding with an indentation of the order of one—half
the thickhess of the skin and an area varying from the slze of
pinheads to roughly the size of a sllver dollar. Where holes
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are burned through, beazde may be left where the metal melted,

The foregoing statements are 1llustrated by the follow—
ing descriptions of damege done in several cases, selected
to show the range and nature of damaget

: Case 13 Bad furn on one propeller and seven holes of
1/4 To 1/2 inch diasmeter on left wing tip.

Case 2: 37 holes in left de—tcer, 27 holes in right
de—icer., Holes about as large as pinheads.

Coseg 32 Trailing wire burned off. Insulation strinped
fromlantenna in tail section.

Cnge_4: FPoint of entry: top of rudder, Point of
emergence: belly of fuselage, Damsge: hole 7/8 by 3/4 ineh
of irregular shepe burned on $op tubular bow of rudder 10
Inches from leading edge, Hole 2!/, by 1/2 to 1 inch wide,
of 'irregular shape burned in slde of rudder below hole Ce—
scribed mbove. This hole was in metal leading edge fair—
ing on c¢ap of rudder, Yabric on top of rudder seorched
and burned. A hole 1/4 inch in dlzmeter burned in trail—
ing edge of rudder flettner. DBelly of alrplane from lead—
ing edge'of wing to rear conmpartment rockmarked by small
welded snots, with one hole 1/16 inch diamebter durned in
under side of wing.

. Cagse 63 Point of entry: alrspeed pltet tube. Point
of emergence: tubular bow forming top of rudder. Damacge:
pitot tube head badly burned; pitot heamter wiring burned
and shorted. Compass demsgnetlzed. Tubular bow forming
top of ruddér durned almost completely through. Firet
rudder rib fron top dammged by secondary discherge. Fabd-
ric damaged at both burns, Hteel structure in nose seu—
tion magnetized sv that new compass could not be compen—
sated with compensating magnets., MHrgnetisation of steel
structure disappeared in apvroximately three weeks,

Case 8% "Point of entry: rropeller tip of left engine,
Point of emergence: left elevator., Danage: propellsr tip
burned. Pitted -hole approximately 1/4 by 3/8 inch burned
in left elevator., Propeller buras started at tip and ex—
tended in about 10 inches; burns at trailing edge burned
to & depth of approximately 1/16 inch,
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Cagse 7: Point of entry:! noses Point of emergence }
trailing antenna., Damage: burned—off trailing wire antenna}
burned lead from tuning unit to tail—cone insulator; fused
gate latch; many (50 to 60) small fused spcis near nose,

Case 8: Point of entry: tip of one blade of left engine
propeller (hydromatic). Point of emergence: tall conse of
fuselage, redioc trailing aerial. Damage: propeller tip
slightly fused and plating burned. Bear bulkhead of fuselage,
hole 1/4 inch diameter and directly 4in line another 1/4 inch
hole in stiffener of tail cone. Trailing serial burned off
completely, leaving connecting lug and short (1/8-=in.) piece
of burned wire. Lightning arrester almost completely burned
off. Rear bulkhead lead—in Bakelite bushing destroyed. EHole
plerced in lead—in Bgkelite insulating bracket (transmitting
end). BReceiver section of Transmit—Receive relay in trans—
mitter completely burned off, OCommunication receiver rendered
inoperative., Two (5—ampere) l12—volt power supply fuses bdburned
out. Transmitter "on" indicator lamp burned out. Transmitter
was operative unon using auxiliary trailing zeriszl. Main range
and auxiliary rscelver equlpment evidently was unharmed, in-
ciluding loop, loop antenna, and two "T" gerials under airplane.

Case 9: (090444) Apparently two or more strokes were
involved in this case since damage to the exterior structure
consisted oft a small hole 1/4 inch in diameter burned in the
right wing near the leading edge 2t a point sbout 3 to 4 feet
from the fuselage and 8 inches in front of the right wing fuel
tank; pit and scorch marks burned on the propeller blades and
hudb; top antenna et tip of vertical fin burned through: pickup
arm warped; and track on the pickup arm burned and buckled.,
(The pickup arm was the lowest and rearmost metal part of the
sircraft.) The radio equipment and antenna were damaged to the
following extent: transmitter—recelver relasy and band change
switch burned out; receiver switches on instrument panel burned:
antenna burned off from fuselage and rudder posti antenns lead-
in leaky; master fuse developed 1ohm resistancey and ground
wire on receiver cable burned off. (The antenna extended
from wing tip to rudder post to wing tip, with a lead-in from
near the rudder post toc the center of the fuselage.) The
following members were megnetized {polarity not indicated):
fuselage structure, landing gear oleos, tail fork, stabiliszer
structure and sitrute, steel wing structure, and engine mount .
fittings. The magnetic compass was useless and indicated 2700
regardless of the airplane heading. ( Undoubtedly the wide—
spread magnetization of the various structures csused a magnetlc
fileld of such intensity in the neighborhood of the compass that

the compass indications were determined solely by this
bPermanent but purely local field.)
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Cage 10: (Short Bros. S.30 flying boat). The aircraft
had a trailing serial 200 feet long, This fused at the
point of attachment to the winch which is situated on
perteide of the hull. At a pcint where the aerial 1s close
to the skin, the flash struck acruss to the skin, meltling
hole 2.8 inches sguare in a cable duct, spllit 2 Z—section
stiffeners, split the skin, and burned a fabrlc—constructed
heater duct apart. The cables in the duct suffered slight
damage. A slight fire was caused in the cockpit dbut was
extinguished in 40 seconds. Two englines cut out occasionally
for a few minutes afterward.

Cage 11: (041444) Point of entry: right rear fuselage,.
Point of discharge: trailing antenna. Examination of the airplane
showed 10 emall holes 'burned on the right rear fuselage.

The command antenna waes burned off with the exception of
approximately 2 feet at each terminal., Anproximately 150 feet
of. tralling antenna which was unreeled at the time of discharge
was burned off. One wire leading into the llaiaon transmitter
was burned brittle and the llaieson transmitter relay burned.
(The 10 marks on the fuselage may represent the terminal of

l stroke which had 10 sucessive current peaks. The command
antenna may have represented an eleventh current pesk of

.. the same stroke or .possibly a terminal of a gecond stroke,
S4nce 1t would be unlikely for lightning to enter at the
command antenna and leave Just a few feet away at the fuselage,
the trailing antenna was probably the other terminal in each
case.)  After the disruptive discharge, the englneer on board
the aircraft observed a fire in the radio room at the antenna
entrance, and immediately used a fire extinguisher to check
,and smother the blaze. '‘On learning of the fire, the pilot
hesded the alircraft toward its base field and landed, Damage
caused by the fire was "relatively minor® and consisted of
burned upholstery, wiring, and lagging on the fusslage adjacent
to the trailing antenna reel. However, so much smoke was
caused by the fire that visibility in the radio room during
flight was seriously reduced. The smoke spread throughout

the fuselage, and even after landing smoke continued to

escape from the rear of the plane.

Cagse 12: (1106540B) Point of entry:i nose portion.
Point of emergence: msinly left wing tip. Damage: marker
antenna burned free from front mast. DNumerous puddle marks
and one small hole (1/4 in.) in right side of nose portion
of airplane and for approximately 3 feet back from nose portion. .
Small fused portion No, 2 blade right propeller. Approximately
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. 4 inches fused section on left wing tip, approximately 12
inches back of navigation light. TFatigue "flowers" with
5-inch radius from greatest indicatlon of fuslon on tip
(on upper portion of wing) with scorch marking just forward
of fusion.

fase 13: Point of entry: mnose. Point of emergence:
- rear tail cone at trailing antenna outlet. Damage: trail—

ing wilre antenna burned off at plug—-in and also burned

away inside of tail cone. Tube containing emergency

trailing~wire antenns was kinked so that it waes impossi-—

ble to release., Knife switch of emergency antenna was

broken., Taill cone looked like it was dlown open, all riv—

ets belng gone for a distence of approximately 24 inches

forward from taill light, which was hanging by its wires

and wes stl1l)l lighted. There was an area approximstely

1l foot square on top of the nose of the airplane on the left

side of the center where the metal was blistered. (It seems

possible that the discharge caused sudden vaporization of

wvater which may have seeped into the t2il cone during

flight through raln and thus produced the explosive open—

Ing of the %ail cone, DBetter sesling of possible openings

for water to get in presumably would prevent recurrences

of such effectes. The opening of seams in the tail cone

- could result from raepid expansion of eir édue to the heat
generated by the heavy discharge current, and melting and
arcing in the narrow spaces of the asuxiliary antenna re—
leass mechanism,)

Lase 14: . There was evidence of a discharge on the
girplane near the outside air temperature bulb. Small
holes were burned in the fuselage back of the temperature:
bulb on the left side of the cockpit between stations 20
and 63, (Holes afterward were plugged with 5/32-inch-
diameter 17 5D BN rivets, and sir—temperature bulb was re—

- placed.,)

Cage 15¢:¢ Point of entry: antenns falr—-lead above cock—
pit. Point of emergence: trailing edge of left elevator.
Damage: in addition te a blinding flash, a shower of sparks
shot all ever the cargo compartment companionway aft of the
cockpit for several seconds, Binding post of radio—freguency
change~over switeh on rear of cockpit bulkhead was fused and
blackened., Radio line wes checked for further evidence of
damage, but none was found, Operation of radio sets was not
effected, A 1/4—ineh hole was burned in the fabriec trailing
edge of the left elevator, a V-strip of dural at the same
point was fused 8¢ intensely that part of this strip was melted
completely away.

+
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Lase_16: British passenger airplane struck on May 9,
1932, Tralling antenna reeled out, but radio receiver
switched off on account of static. Altitude, 2000 feetby
vieiblility, several yards, the wing tip being invisible
owing to soft snow which was falling and beginning %o
freeze on the windshield., About 30 seconds after switch—
ing off redio, a deafening explosion occurred in the wire—
less set behind the pilot, and pilot's seat was forced to
the left of the cockpit, Jumpirng the catch, Pilot regained
rosition in front of controls immedlately and throttled
back all engines, plecing aircraft in a gentle glide. Out
"of corner of hls eye, pilot noticed & c¢loud of smoke cleasr—
ing away while fragments of glass were falling in his lap.
‘An intense draft was rushking through the cockpit. The pi-—
lot, on calling the copilot %o shut the windows, found that
of the eight panes, five had disavpeared and the right
front pans was starred’badly. The forward side pane on
the pilot's side, which had been slightly open, wasg also
badly cracked and slid right basck. The engines were unaf—
fected., The trailing antenna was bdburned off, The ocutside
door of the wireless compartment was open, with the small
window blown out, and the c¢oamunicating door to the for—
ward cabin was blown ia about 1 inch against the jamb, sand
Jammed, The aerial winch was ehattered and a fire extin—
guisher was in two pieces. The ungrounded aerial was prob—
ably instrumental in causing the damage in the wireless
compartment. The breaking of the windows and the jamming
of the door obviously were due t0 violent changes of air
preassure; but 1t is impossible to say whether this was due
to the disruptive effect of the slectrical current con—
veyed into the wireless cabin by the aerial or whether
it was due to the explosion wave of the main lightning
discharge. The latter is the more probable because the
large cablins of passenger alrplenes, which are made al—
most airtight to keep out the draft and ithe nolse, react with
graat force %o repid change of outside pressure. (The
foregoing description is essentially an excerpt from a report
of the accident given by the pilot and included in the publiocs—
tion with comments dby G, C. Simpson, "Lightning and Aircraft,"
Great Britain, Meterological Office, air Ministry, Pro-
fessional Notes, No. 66, London, 1934,)

Case 17: Point of entry: probably the trailing an—
tenna. Point of emergence: right wing tip. Damage: (1)
radio eculpment ~ as indicated in quotation below; and (2)
trailing edge of right wing tip — holes burned through
eluminum skin 0.032 inch thick, with number of holes and
diameters as follows: 4 holes with dilameter 1/4, 3/16,
1/8, and 1/16 inch, respectively. Several vits ranging in

1Fra_ctured.
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size from 1/8 to 1/32 ineh in diameter melted in outer sur-—
face. In the interior of the wing, the ribs and skin adjacent
to the damaged area were spotted with portions ef molien alu-
minun. The Flight Radio Officer revorted:

MThe aireraft hed been flying in a cloud for 3 or 4
minutes, and there had been moderately heavy static In the
headphones during this peniod. I 3id not notice whether the
static discharge spark gap was operating. Suddenly there was
a blinding blue flash and an extremely loud noise, similar to
an explosion. Both the flash .and the noise lasted for but =a
very small fraction of & second. The flash .seemed to originate
at ‘the trailing antenna binding post on the transmitter panel.
No previous electrical disturbances had been noticed except
the stetie in the headphones, Although wedaring the headphones,
I 8id not feel any electrical shoek when the lightning struck.

"The trailing antenna -either was brokern off-or melted off
at the point where 1t entered the bottom end “of the fairing
tube beneath the fuselage. Two porcelain.insulators were
broken -0off. One was the insulator supporting the statiec
discharge gap, and -the other was the trailing antenna post
on the transmitter panel, Both ends of the lead—in. wire for
the trailing arntenna were burned amnd partially melted.
Several -wirés and conteete inside the tranmsmitter associated
with the trailing antenns and the channel switeh on the side
which was bsing ‘used were melted. The dyndmotor was not on
and the tranemitter was not being keyed at the time of the
discharge. The charge evidently traveled through the .conduit
into the AVR—~7HSS antenna control panel, melting one wire and
charring the inside of the unit. 'The anteénna ammeter was
damaged somewhat but not burned ‘out, LEpparently no“tubes or
coils were damaged, either in the transmitter or the receivers,
The master switches had been shut off by the esptain, and
radie communication was re—established as soon as these were
turned on again ' .

The reports cited in the fcregoing discussion refer

essentially to all-metsn] sirplanes, It igs thus apparent that
the damage from electrieal discharges ‘4n the’ cagse of aircraft
with ‘electrically cconducting skin, &and all mgtal;ig ga;ts -
well bonded, is o;digggilg"ng"gf”a Serieus nature. :

Bowever, aireraft which de not have complebely eleectrically
econducting skins (suech as fabrie) or which -have deficient
electrical bending between metallic parts are sublect %o
much greater -damege, while greater hazards are entailed Toe
the occupants of. such aircraft. )

™~ .

™ P

-



42 NACA TN No. 1001

Thig is 1llustrated by the followlng reprrib:

Lase 18: A formation of nine SU—~type U. S, Navy train—
Dmg airplanes was flying in a divisgion Vee a%t an altitude
of 2500 feet. There was a thunderstorm of moderate dimen—
sions about a mile to the westward, and a few gcattered
clouds about 500 feet above the formation, A bolt ~f light—
ning to the left was observed to start downward, then curve
directly through the formation, There was a blinding flash
end the bolt of lightning was seen to strike the right lower
wing tip of No., 2 airplane in the first section of the for—
mation, The damage wrought to fhis airplane, as determined
by 1nvestigation after return of the formation to its home
landing field was! approximately 4 square feet of fabric
on outhoard edge of lower right wing torn and ripped clear
of wing. Four former ribs on leading outboard edge of lower
right wing destroyed} the metallic elip securing the bond—
ing wire clip bolt, which holds th'e interwing bdrace wire
to the outboard compression riv, wes burned and fused. The
main spar cracked a length of about 18 inches from the onut—
board end.

The damage to No, 1 airplane of the first section of
the formation was:! small hole torn in fadbric on left ele—
vatorj no damage to- metal structure of elevator was sus—
tained, ‘ -

The dsmage to No:“3 airplane of the first section was!
epproximately 1 square foot of fabric torn clear of right
edge of right lower wing tip; one former rid on leading
outboard edge of rigbﬁ lower wing was.cracked.

.The damage to No, lﬁéifpiéne of tho second scction of
the. formation was: small-hole torn in fabric on leading
edge of right 1ower wina outboard of outbvnrd conpression
rib. - ‘

The dapage to No, 2 airplane of the second section was?
small hole torn in fab¥ic on leading edge of right lower
wing outboard of outboard compression ribs no damage to
wooden structure of wing was suqtained '

, No other airplanes of: the ‘Pormation were damaged, The
personnel of the flight suffered ng_}nqpries or 111 effocts,
The airplanes of this formation were not equipped with
radio., However, the right wings, both upper and lower, con—
tadned five wires) each of’ which would have formed wing loops

. -
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had they been connected, It is not beldeved that the light—
ning passed along these wires in view of the faét that
there is no evidence of arcing at the .ends, )

- 'There is. & bonding wire which starts at the lower wing
forward hinge fltting at the fuselage. and runs down the afi—
er -side of the forward spar, aft along the eutdboard com—
pressiorn member and returns along the after spar, indboard
to the efter—hinge fitting. , A1l internal bdrace wires and
netal fittings in the wing are cornected to this bonding
Wireoz Lo X . . s

I% is believed that the aoctual bolt. of lightning en—
tered No. 2 airplane in the first section of the formation
via the left wing and fuselage, thence into the main bond—
ing.wire of the lower wing, At the point of Junectlon of
the forward outboard internal brace wire fitting and the
bonding wire, the copper bonding wire fitting was broken
with a fresh break, It is thought tha% the -electrical
charge left the bonding wire at this point and burst through
the leading edge of the wing, splittlng the spar, demolish—
ing the former ribe, and ripping the fabric. It 1s presuned
that the lightning failed }o reach the upper wing because
the bullk of the metal in the fuselage ig closer to lower wing
hinge fittings. -

It is Delieved also that the damage to the other air-—
planes was of & much less degree because the-electrical
charge which passed thPcuigh them waes less, and, furthermore,
that if the bonding in a}l the airplanes had not béen com—
plete, serious damage might have resulied. - e

16, EFFECTS .ON'PILOTS .

The effects on pilots of atmospheric electrical discharges.
to aircraft may be divided intc: {(a) ‘visual, (b) aural,
(c¢) eléctrical, and (4) psychological. These are now-
considered in turn. o . . :

(a) Visual.— The discharge gemerally takes the . ‘
character of a blinding fiash the effect of which is ° -
ordinarily of rather brief duration.’ Consequent upon the
flabdh is usually = temporary blindness lasting from-a few |
seconds. to perhaps 3 minutes. L The morie severe effects occur-
during ‘the hours of .derkness.,  (The most gévgre,casbtrepOrted
involved a copilot who was-unable.tg:see for '8 minufses affer
the discharge) although:the pilot of the sane airplane had
normal viefon 10 seconds after the discharge.) The temporary
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blindness ig followed by alightly impaired vision, returning
to normal ueually within a time ranging from an fraction . of a
minute to possibly 10 minutes.

The effect of the flash on the pllot's vision depends on
e number of factors which may be enumerated briefly as
follows: The light adaptation of the eyes ig .greatly de—
termined by the brightness of the cockplt lights prior o
the discharge} the 1llumination outside of the alrplane . .
prior to the dischargej the length of time the piloet has.
been looking at the cockpilt lights, or outside daylight or
darkness. Alsoc effective are the directness of the pilot's
vision on the cockpit lights, ocuteide illuminstion, and the
lightning flash at the instant of the ocgurrence of the.
latter as well as the shielding of the pilotls eyes by
opague oblects or dark—colored goggles.

In the daylight, the toemporary blinding effect lasta
for enly a few or several seconds, If the cockpit lights
are turned up full bright and the pilot's eyes are adapt—.
ed to the lllumination, the effect is also of relantively
short duration, although at night probadbly longer than in
the daylight. Shielding of the eyes by keeping the head
inclined and low in the cockpit affords great alleviaticon
from the harmful effecta of the flash, The nearer or more
directly in the line of sight 1s the flash, and the more
wide—~open the pupll of the eye from looking intc darkness,
the more likely it is that the tenporary blinding effectﬂ
will be of longer duration, .

The slight} temporary impairment of visicon following
the temporary blinding presumably has the character of, an
apperent purple haze before the eyes, and generally also
involves after—images of the flash on,6 the retina fer a
brief tinme. The pilot cannot see sc¢ well in darkness or
d¢im light, nor.1s his visual diserimination normal during
this interval, Bright lights cannot be tolerated until
vision returns to normal..

(b) Aural, — The electricsl discharge usually is ac—
gcompanied by =a sound the 1oudness of which within the -airplane
may have various degrees of intensity, descrited by pilots
in terms like the following: dull thump; sizzlelike arc
weld; snapping sound, not like thunderi sharp crack, no roarj
nuffled explosion; sound like a.shotgun firecd; sound like
rifle firej sharp report, like 32—-caliber gunj loué crashb;
fairly loud boomi sound like an explosion; severe detonation
like & 75—millimeter gun fired; sound similar to a 15—
4nch gun discharge; sound similar to high exnplosive; very
bad explosionj loud explosion; sharp roeri thunderclap;
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terrific report; violent noilse; resounding erash which
deadened hearing sensesy deafening crash of thunder. In
a number of cases, no appreciable sound — or sound of such
character as to merit comment — was heard accompanying the
electrical discharge. :

The sound ordinarily does not seem %0 cause more than
e momentary loes of hearing and some confusion, The latter
is influenced partly by the bright flash and other psycho-—
logically disturbing faoctors attending the discharge.
(See discussion under )

Illustrative of the most extreme effect reported as
due to the thunder is #he following excerpt taken from re—
marks rendered by a passenger on an airplane which suf-—
fered a discharge: "About 15 minutes out of (City) the
ship passed through a very vliolent weather front encoun—
tering severe rain and sleet, Immedistely upon passing
through the front area and after the rain and slest had
stopped, fire streaks approxinately 8 inches long were
observed in the propeller diskK areas at approximately the
propeller tip radius. This condition was observed by the
writer on the right propeller while Mr, X, who was sitting )
on the left side of the airplane noted theé same ‘condition on the
left propeller. Approximately 1 minute after this discharge
of St. Elmol's fire, a vioclent electrical discharge took
place from the airplane to the surrounding atnmosphere.

A large ball of white fire approximately 6 to 8 feet in
diameter appeared to envelop the right engine nacelle

and engine propeller unit. At the instant this fire
appeared there was a resounding crash which deadened the
hearing senses. Incediately after the discharge and noise
which lasted for a duration of aprroximately 2 seconds
everything seemed to stand still and there was a lull
uninterrupted by noise, This, I believe was due to my .
sense of sight and sense of hearing being temporarily
impaired and not due to any acturl stoprage of airplane
engines, I believe thet the engines contipued to operate
normally during this lull and immediately I regained my
full equilibrium I noticed that the pillot hed turned back
and was returning to (City). Mr. X told me that he hald
noticed the same sort of discharge at the left wing tip of
the airplane and that he experienced the sanme feeling as
myself with respect to senses," :

Another effect on the hearing can result from a very
sharp click in the earphones due to the surge of current
in the radio circuit when the antenna or radic forms part
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of the discharge path,: It is.thus possible to recelve
acoustical. shock 1f the earphcnés-are closely fitted, the
saturation characteristics of the vacuum tubes in the
radic receiving set are not such ase to limit ' greatly the
intensity of scoustic disturbances produced electromAagne t—
leally in the head receivers, and the earphones dos not have
a sultable stop to prevent excess motion of the diarhragm
due to- the discharge—current surge, Suddenly increamsed
presd3ure above a certaln value produced in the ear canal
by t he abrupt metallic earphone click can be uncomfortadly
loud, accompenied by momentary dizziness and ringing in

the ears (tinnitus), In extrene cases, unconsciousness
may result. 'This seems to have happened in one or two
cases, In one other-instance the pPilot reported that his
ears hurt for 15 or 20 minutes, probabdly due to having
earphones on at time.of the d&ischarge. Wearine of a head
set close to the éars when circumstances indicate a dis—
charge may be imminent is therefore considered inadvisable,
Earphones with apﬁropriate protective ftatures arc degir—
able.

(el Electrical.- Pilote have reported seeing ararks
inside of the cockpit on a few oecasions, abcut the time
of the discharge, but in no case was any serious hermful
effect indicated, where an all-metal alrcraft with all
metallic parts bonded was 1nv01ved.

The reports on these cases_are as.follcws:

Lase 11! Pilot recalled that once when near the edlge
of a thunderstorm an unusually large spark of stetic elec—
tricity Jumped ‘from_one of the-engine-conirols to the hand
of the Second Pilet ‘over a gap of some 6 or more inches,
but he 4id not know whother a lightning discharpgc was oc—
curring at the same time near the airplane. (No injury %o
the Second Pilost was 1nd1cated in the report.)

Lage 231  Pllot felt shock on hands and feet, with
blinding flash on nose 4in front of left cockpit wirndow.
One engine stopped for a few seconde: no apparent danage
noticed afterward.

Cage 31 The actual lightning anpeared to have hit »~n
the nose and splashed fire in.all directions, -First Offi-
cor fielt .salight shock Iin his hand wherwe he was holding the
metal part of the chailr,
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Case 4: No indication of lightning until attack on nose
of airplane for 20 to 30 secondé. Propellers throwing off
streamers for 10 to 15 feet and Halo around charge entering’
nose ag far as (pilot) could see in the overcast, Spark
leaping from instrument panel to cowl above, then discharge
like engine backfire with blinding flash, Pilot stated he
was blinded temporarily and arm nerves or muscles palned.

Case _B: ""The flight engineer had his hand resting on
the arm of the captalin's seat, and after the incident discov—
ered the hair had been singed from the back of his hand."

Case 6: Prior to entering.cloud bank, static was evident
in airplane. Pilot received a slight shock &t water coolér
while drawing a cup of water, Heard reports from members of
the crew of static ecrackling in bedclothing,

Case 7: Radio officer saw a blinding blue flash in

the radic compartment, This wae due to flashover at the
trailing antennas bdinding post on the radio transmitter panel,
vhen current originating as a disruptive discharge apparently
traveled from the trailing antenna through the lead—in wire
to the transmitter antenna control panel, The current after
arcing over from the binding post flowed through the airplane
to the right wing and out the wing tip. No elsesctrie shock
was sustzined by any personnel on the aireraft, (For details,

refer to case 17 of sec. 15.)

Case ‘83 Pilot claimed he observed sparks inside of the
cockpit on right side near rudder pedals, occurring at the
same time as the disruptive discharge. Their color was de—
scribed as red, and they seemed to go from control pedestal
to the right side of the aircraft. (The pilot’s eyes-were
focused on the instruments at the time of the discharge.)
‘¥o shock was felt by either pilet or copilot. "and no damage
within cockpit was reported, : ' '

Gase 9 Pilot claimed he observed a spark inside of the
'cockpit across the face of the gyro—horizon on the automatic
pilot. It appeared to be white and 1 to 2 inches long. ¥No.
shock was experienced, The pilot had:his eyes focused on the
sutomgtic direction finder and the copilot had his focused:
on the contrel panel, 'The phenomenon was eimultaneous with !
the disruptive discherge which appeared to come from above -
the nose of the fuselage, striking the nose on the upper side
and at the same time spreading out in branches covering the
entire nose section of the aircraft -

. b ‘ . B . - ~ - -
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Cage_10Y Pilots stated they observed a '"red fire" at
the same instant as the disrurtive discharge, located “back.
of and beneath the instrument panel." It appeared to be @~ .
"just a flash," like a "flame or fire." No shock was exw
perienced by the crew. Na smoke or dburning of  equipment in-:
side of the cockplt wag detected. The pilots stated they
were lpoking "dead ahend" at the instant of discharge.

{The disruptive discharge entered at the nose of the
fuselage in front of the windshield causing scorch and’ pit
narks over an area of 3 square feet., The discharge emerged
from the trailing edge of the left elevator adjacent to . the
outboard end of the flettner, causing some melting of the
thin edges, scorching and tearing loose about 1 suuare foot
of fadbric from the elevator.)

It would appear from the foregoing statements thatl some
of the cages in which sparks were reported to have been -
observed inside of “he cockpit may poesibly dbe attriduted to

an* optical illusion. In at least one of the above—cited
cases, static electricity produced by friction within tke
adrplane during flight in dry air appears to have been the
explanation of the phenomenon. (Sce case 6,

. However, in situations where rndis equiprment 'is involved,
other considerations are necessary., Aircraft with all-oetal’
skins and with all metallic parts properly bonded act like a
Faraday cage., Congequently, there can ordinarily:be:little
difference of potential: (voltage) between different points
on the interior bonded metal surface of thé airpleane. A :
considerable differenee of potential may exist.in the radio
equipment when chargeg are conveyed into the airplane 'by the
aerial, but the maximun differencec which nmay be effective
outvside of that is greatly limited by the insulation strength
in the radio or by the lightning errester gap. Where there-is
& short gap over which the discharge may flash %o conducting
parts bonded to the metal framework of the airplane, or.where
there is a weak place in the insulantisn through which the’
curren@ may arc- to s bonded-part;,. such an event usually ocenrs,
generally at the.fair-lead; lightning arrester, or within the
radio equipment. Thus, -aftern-flashover begins, the voltage
difference between-the.aerisl:cornducting-the charges within-
the airplane and the:smetalllc-framgwork is probadly héld .
$0-a value of the order:sf 500:tu 1000 volts., Owing to tho
tnsulation between-the‘asrial-and.the pilot, as well as
between the pilot and the.franewsrk,; it is doubtful whether
a seriously harmful potential difference could be brought
to bear between the pilot and the specified conductors
unless there were deficient bonding of the metallic parte.
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In the case of a discharge current having a very steep
wave front, that is, one which rises extremely rapidly to
its maxinum .value, a consideradle difference of potential
may exist between neighboring points in the conductor carry—
ing the current as the wave front passes. A person then -
making contact with the conductor at two widely spaced points
(as with hands while arms are outstretched) may thus receive
a shock, but the wave front travels so rapidly_that the time
interval (of the order of ten millionths of a second) during
wh'ich cirrent flows through his body i& of extreme shortness.
The effect of a shock - from this source is therefore incon—
sequential. '

Shocks from .statiec in the i@terior of the sirplane collected
on nmonconducting parts cannot have any important effect.

W¥here bonding between metallic parts is defective or
lacking, or where the aireraft is principally constructed
of nonconducting materials (as fabric and wood), large
differences of potential may be established durlng an.
electrical discharge through parts of the airecraft,
Digsruptive effects ocecur where nonconducting materials are
involved, Fires may be caused as a result of areing at
points of faulty bonding, and shocks may be experilenced.

In one known instance of a wocd—fabric constructed
airplane (1922), fallure to bond in the control colunmn
after repair resulted in =z shock toc the pillot via the hesnd-
set microphone when the aircraft was struck by lighitning,
The pilot lost consclousness but regained 1t in abous 1
minute and resumed control of his airplane before it reached
too low an altitude. - -

(8) Psychological.- Psychological effects are not
always due to the lightning and thunder. Sometimes they
result from the severe characteristies of thunderstorms
in which the lightning msey be encountered, Thus when an
aircraft flying at considerable speed enters an extremely
turbulent region within a strongly developed thunderstorm,
momentary panic may seize the persons on board in view of
the conditions experienced. For a very brief time the air-
plane then poseibly undergoes violent rolling, pitching, and
yawing motions, accompanied by severe Jjarring and racking
of the craft and its controls, in addition to violent air-
speed fluctuations and irregular accelerations, all of which
are attended by noises of unfamiliar character and varying
intensity, Usually, the space in which such severe turbulence
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cccurs is narrow, appearing as a rule in the transition zone
Petween adJjacent vertical currents having markedly different
vertical velooities, (See sec, 10.) The brilliant flash

of the discharge, the usually accompanying loud noise, and

the concussion generally frighten the pilot for an instant

and produce momentary confusion. He becomes startled and his
choice reactions are slow and faulty for a short time interval.
If the flash occurs at night and the temporary blinding effect
is severe, the pilot is under the handlcap of not being able
to see hies instruments or controls for a brief pericd. For
thie reason, it ' is desirable to have the automatic pilot
"ready to engage, if not already engaged, (Important: See

cautions, sec, 20, par., 8,)

. -~ -‘Whien ‘the discharge is of the steep, wave-front type, %he
thunder is likely to be of relatively greater intensity than
octherwise. Under these circumstances, the explosive ex~
pansion wave of the thunder released in close proximity of
the alrplane produces a concussion where the intense sound
wave strikes any resisting object. That is, the sudden
Pressure wave, by implinglng on the nearest airplane parts
with considerable force, caueeés a sensation of being Jarred
or of experlencing a severe bump. The eardrums and other
rarts of .the body are affected in a similar manner, excsph
that the Iintensity of the pressure wave falls off rapldly with
distance from the discharge channel, so that no harmful effects
on the hearing have been reported as yet from this cause.
Where the quantity of elwctricity which passes through the
discharge channel 1s relatively great and the wave front of
the current is of considerable steepness, the optical and
acoustical phenomena esssociated with the discharge are bound
to be of high intensity. The concussion, in conjunection with
the other phenomena may, under these uwnusually severe con-
ditions, produce on the pilot a sensation of being stunned,
This is quickly overcome as he realizes the situation and
commences to resume control of his aircraft,

17. DISTRIBUTION OF ELECTRICITY IN TEUNDERCLOUDS

Electrical conditions in certain regions of thunder-
clouds are more conducive t0 the evolvement of an electrical
discharge to an aircraft than in other regiona, In order that
the pilot may seek to avoid the former regions, it is neocessary
for him to have some understanding of the distribution of
electricity in thunderclouds and of the nature and causes of
lightning discharges,
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Studies of atmospheric electricity by varlous means have
shown that generally the wpper portion of the typical thunder-
cloud has a concentration.of positive electricity; while the
major part, at least, of the lower portion has = concentration
of negative electricity. Ofter -apparently, there is also a
small region near the base 0f the thundercloud and in the rain
falling out of this regicn where there is .a further concentra-~
tlon ‘of positive electricity.. 'This combination of diatribu-
tioms of electricity is 1llustrated in the zccompanying dia-
gram, based on the work of Simpson and his collaborators (ref-

- erences. 10 to 12). Valuable data on the subject. also have
been derived from the investigations of Workman and Holzer
(reference 13) and others. 1In studying the diagram of ‘Simpson
and collaborators, 1t may be recalled that .1 kilometer = 3280
feet, and that the indicated temperastures in degrees centi-
grade converted to.degrees .Fahrenheit are as follows: 0¢ ¢
= 32° F (the normal freezing point of Water) -100 ¢ = +14° F,
and -20° ¢ = —-40 F, e

=
O

[e o)

Height in km
o]

>

n

; :
= = . 'Tkgahﬂe rain

Generalized diagram showing alr currents and distribubtion of
electricity in a typical heat thunderstorm,* )

Individual actual thunderstorms generally do not look like
this, but possibly some thunderstorms do, The distribution of
charges 1n actual caseg may differ somewhat in detail from that
shown. The lower, small region of positive changes does not
always seem %0 be present,. according to Workman and Holzer
(reference 13),
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The small, positively chdrged region near the base of the
eloud may not always be present, but the positively charged
region near the top of the cloud and the lower negatively
charged region are invariadly found. '

‘The. .data qollected by Simpsor and his collaborators in—
dicate that the -temperature at the center of the electrically

chargedj:egiéns'in questlon was gpproximately as follows:!
Desig— | Location and sign
nation af electrically Average

of charged reglon tenperature Observed temperature
region of typical of center range of center

thunderclioud
(°F) | (%) (°F) (°¢)

P Upper positive -9 —-23 +10 to0o —36 [—~12 to —38
N (Low) negative +20 4 +46 to0 —2 | +8 to =19

Q Lower positivse +36 +2 +43 to +16 | +6 to —9

. Between the regions where eleotrical charges of opposite
sign are concentrated are gzones where the electric fileld
intensities tend to have maximum values. Restating this 1n
terms of the potential gradient (that is, voltage difference
per unlt distance in the direction positive electrical charges
would be driven by the existing eleetric fileld), it may be
saild that the potential gradient tends to s maximum pomewhere
between the regions of heaviest coneentration of electrical
charges of opposite sign. The zones ¢f maximum potential
gradient normally will lie in the general vicinity of the
boundaries between the charged regilons but not exactly at the
beundaries unless certain conditions of symmetry prevaill (such
as equal quantity of electrical charges in each region, uniform
distridution of charges in equally sized spberical regions,
etc.). The zones of maximum potential gradient will be the
areas where an electrical discharge to an aircraft can be most
readily initiated by the effects of the presence of the air—
craft and the static charges residing on it (as manifested
by intensity of St. Elmo's fire or precipitation static).
(See sec. 12.,)

The approximate average temperatures and altitudes at the
centers of the chargedregions in thunderclouds and of ?he
estimated zones of maximum potentiasl gradient in a vertical
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line through the centers in questlon. are shown in the follow—

ing table, based

~on Simpson-and collaborators' data for Great

Britain.
Desigs" .{Average |Average jAverage |Average
nation . : .ltemper-{ alti~ |temper- | albti=- .
of Region ature {.tude : | gbure tude | Remarks
region- | . . . oo
‘ (or) | (£%) (°c) (iam)
P " - | Conter of upper | =9 20,400 | -23 6.2
positively T -
charged region
Zpg | Zone of meximum | 7 16,500 | ~14 | .5.0 | Estimated
" potential gra- . - : o
* dient between .
P and W
i Center of :(low) | 20 18,200 -7 .:4.6.
negatively s
charged region
Zyo | Zone of meximum | 30 9,900 | =1 .| 3.0. | Estimated
NQ
. potential gra-
dient between
N and Q
Preezing level 32 9,500 0 2;9
Q Center of lower | 35 8,300 2 2.5 Zone of maxi-
positively: . ' mum poten-
charged region .tial gradient
. in the hori-
zontal direc-
tion ?
Zgp | Zone of meximm n | 41 6,600 5 | 2.0 | Bstimated
potential gra- )
dient between
Q@ and earth

! Between Q and the negatively charged region around it,
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The fcregoing dete are substantially consistent with the
averace altitude and temperature values shown irn sections
~'5 and: 6, on the basls of the statlstics derived from re“orts
of .actual electrical dischargzes to saireraft.

The vreceding teble and the Ziagr-m on nage 51 indicate
that there may be expected at least four zones in a typiecal
thundercloud where the potentisl gr=dient tends to be a nmaxi-
mun snt the chances of experliencing an electrical dischargs
to zn a2ircraft sre greatest. These four zZones are predicated
on the assuwurtlon that the lower, npositively charged region
invarlabdly exiets 1n the bmse of the cloud and in the rain
falling from an active low—lying positive center.

It should be noted that the maximunm votentlal gradients
can have vertical, horizontal, or obligue directions, depend—
ing on the location with reference to the charged centers
involved, Inasmuch as thundercloude are subject to violent
convective activity and turdbulence, a considerable amount of
shifting of the chargedregions can be expected, so that
perfect unifornity of location of the most hazardous zones
is not likely to prevall.

Workman, Holgzer, and Pelsor (reference 13) conducted =
study of the time historles of thunderstorm charge dis—
tribution during three storms occurring during the summer of
1940 in the vicinity of the Aldbuquerque, New Mexico, airport.
To determine the distribution, they used eight synchroniged
recording electrometerse arranced in a particular pattern
orver a field 1.6 kilometers (about 1 mile) above sea level.
The instrunents, which had & time-~resoclving power of 0.01
second, gave simultanscus records of the changes in the
surface notential gradient caused by lightning strokes.,

The quantities of electrical charge contained in the cloud
charge centers and the locations of the centers in the space
above the earth with reference to givencoordinate axes were
computed, under certain simvplifying anesumptions, by means of
certain well—known relationships derived from the theories of
electrostatics,

The three suthors clted summariged their conclusions as
follows, with regerd to the lightning strokes and the charge
centers of the three thunderstormes studied:

1. The average charge neutralized dy & strokxe element 1is
6.5 coulombs and the average value of the charge neutralized
by a lightning stroke (the sum of the separate charges
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neutralized by the various elements of the stroke in the
case of repeated strokesl) is 24 coulombs,

2. The wéighted average height of the negative charges
was 5;2 kilometers and of the positive charges was 5.8
kiléometers above the surfape, ‘that is, the mean vertical
separation of charges wes less than 1 kilometer. The heights
actually ranged between 4 and 7 kilometers and included the
region where the temperature is between ~5° snd —-25°C,

. 3. Horiaontal separatione between charges involved in an
intracloud stroke varied between 1 and ‘10 kilometers. The
weighted mean velue was § kilemetere.

4. Glou&-ground strokea were ohserved only on August 15,
and all of these strokes transported negative charges to
the ground. This result is in agreement with those of
previously reported observatlions.

5., A study of the distribution of charges showed that
it was posslble to identify definite regions of charge that
persisted for intervals from 10 to more than 30 minutes.
These resglions traveled with moving storms and had approximetely
the same-velocity as the heavier rain sheets. - In the one
case when it wes possible to compare the average velocity of
the charge regions with the average wind’ velocity at the
charge levels in advance of the storm, the two velocities
agreed within 10 percent.

6. Evidence supplied by the storm of September 10 {1940)
showed that the negative charges were in the region of the
updraft and -that positive charges were displaced upward and
away from theé negative charge in this region. Further
evidence was found in the storm of ‘August 15 (1940). The
negative reglons were coherent and pdsitive charges were
found on both sides of the negative regions, The evidence
is consistent with the hypothesis that the more coherent
region was assoclated with the updraft,

(M Cloud—ground strokes were more frequent in the earlier
stages of . the development of an active reglon of the thunder—
storm. &g an active region asged, the lightning strokes
became predominantly or exclusively intracloud strokes. The
aging was also characteristically associated with a decrease
in stroke frequency.

) The 24 coulodbs refer to a mpltiple lightning stroke
consistlng of séveral repeated strokes slong essentially the
same channel. See appendix vII,
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8, The maximum vertical potential gradients ezisted
immediately above and below the charge concentrations, and
the maximunm horizontal gradients existed at the same level
as the charges.”;: T . e

9, One of ‘th'e principal dgngers to aircraft in thunder—
‘storms’ 48" the possibility that the craft may become rart of
e 1ightning'chahnel. Th;s poesibilitg is greatest in reglons
where the 'pdtential gradfents are greatest. The present
investlgation showed that these reglons are most likely. to
cbcur where the temperature 13 between ~5% gnag. —25° G. .

18. MECHANISM OF pzsgzp;m_:v; DISCHARGES INITIATED BY AIRCRAFT
'""":Généréiiﬁ;écﬁgsicn: 

Coer, e

The records previously cited in negard to.the actual
effects ‘of disruptive electrical discharges -wpon aircraft
indicdte that somé’ have been of .the. high—current, steep~
wave—fronty short*time variaty. ‘and .some (perhaps a majority)
V'heve ‘beén of the low—currqnt gradua*~wavc—front long—tine

variety.'; . . . ' .

A . LI
P “!.

It I's apparent thaﬁ 1n scme insuancee the aircraft has
happened to ‘be in the pdth of a ligntning discharge ‘inttiated
at some distant point in a thunderstorm where the critical
breakdown potential gzadient was attained. These are purely
accidental- cccuren ces, .in’ which the aircraft played no part
in starting the digcharge.' }

.
n

S

In other cases. 4% appaars that the, aircraft vas in—
strumental in producing the disruptzve discharge. (See
sec. 7+)  The mechenhism by wh;ch this fakes . place hss not
been 1nVestigated directly }n the }abpratory, but- from what
is known’ 'of -'the nature of spark discharges it may be presumsd:
that the mechanism that pravails is essentially a8 outlinad
in the paragraphs aucceeding tne next. . ;

First to ?ecapitulate briefly the conditions.

" So far as’ can b Jndgbd fr?m reports rendered bv pilote,
thB distuptive Sischargbe of thia latter type which heve
occurred to aircraft took place either while the aireraft
vags flying within a cloud or precigitation or while 1t was
Just entering. .or:- emerging ffom & c;oud._ In pragtically
every ingtardce the c¢loud was' of a&° cumuliform character.-
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generally cumulo—nimbus, sometimes cumrulus, and rarely strato-—
cumulus., Some of the former were active thunderstorms., With-—
in the clouds either rain, rain plus some form of frozen pre—
cipitation, or one or more forms of froszen precipitation were

encgu;tered generally at temperatures within the range 323°
£ 8 . .

From what has been stated in section 17, it ma& be
expected that the airporaft fairly often will be within =

region of relatively high potential gradient when subjected
to the conditions outlined above.
At the scene of the diaruptive discharge, the potential
gradient immediately prior to the appearance of the aircraft
. in the locality and before the discharge may have been
considerably less than the critical breakdown potential
gradient. v

However, the aircraft by'its very presence may increase
the potential gradient manyfold, as expleined in section 12.
One process which invariadly tends to mccomplish this to an
important extent is the distortion of the electric field by
induction upon %t he conducting cuter skin of the aircraft
(see paragraph numbered (2) and following, in the above—
mentioned section), This is most likely ‘to happen with
noteble conseguences in & space where the initial potential
gradient is already quite high, as between two contiguous,
highly charged cloud regions of opposite polarity, or in
the immediate vicinity of a single region having a great
concentration of electrical charges of one predominant sign.
It is possible under these circumstances for 'a disruptive
discharge to be "triggered" by the aircraft, provided (1)
that the critical breakdown potential gradient is reached
at or near the aircraft, and (2) that once the disruptive
discharge 1is initiated at such a point eontinued propagation
of the discharge streamer is assured by a sufficiently high
average potentiazl gradient in the space between the oppositely
charged cloud regions or between 2 single charged region of
one sign and another restricted region (whether of the clound,
space charge, or earth) with predominately opposite charge.

To illustrate the latter situation, one locality vhere a
high potential gradient may be encountered is bebtween &
cloud region containing s myried of condensation particles
carrying electric charges mainly of one sign, and a space
charge containing mostly oppositely charged ions (i.e.,
charged partlcles approximately of molecular size, or
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olﬁétéfs’of*é“rélativelyfsmall number of molecules carrying
a' charge).” "Sueh-d 16cality may be found jJust outside of
cértalin: parts 6f "cumulo—nimbue clouds, anrd especially well
developed or“t‘ 4" thunderstorms. These clouds apparently
develop Bpace*éharges along their bases, sides, and some—~
times tops in various stages of their life cycle. This may
possibly explain some cases of disruptive discharges which
have occurred to ajircraft. Just us they were entering or
emerging from e oumulo-nimbus cloud or thunderstorm..

Probably of considerable importance in the phenomonon
of disruptive discharges initiested by mirplanes is theo
modifying influence exerted by acquired charges. Suppose
that zn ‘aircraft passes through a cloud or precipitation
reglon consistlng of. condensation particles carrying
charges predominantly of one sign, and suppose further
that it acquires & considerable quantity of charges of that
glgn by the processes outlined in sectlon 12 Consider the
aireraft o retain nuch of .Lts chargo'deapite loss by corona
and to effect rapid approach toward a neardy cloud or
preciyitaﬁion reglion carrying charges principally of the
opposite’ ‘sign, - 'Then, owing to the opposiite polaritiea,
this ﬁroduoes & sudden intensification of the poteniial
gradient ‘in the narrowing space between them. This augments
to scme ‘extént the -increase of potential gradient resuliting
fréom distortion 6f 'the existing electric field by the air—
craft, d5 previously explalned, - The logal priential
gradient near the . extremities of greateat consexity may
thus be-heightened:to a value possidly exceoding the
sparking potential gradient.  Contrariwise, if the air-
craeft’and the nearby cherged region being. aprroached were
charged alike ia .pign electrically, there would bo a
depression: of: the local existing poteniial graddent which
tends to. hamper the development of a disruptive @ischarge.

4

Effocfa'of“éiéé"of'Lircro*f

: The eize of the aircraft involved plays en important
role ‘in. determining the, freonency of digruptive discharges,
whether natural lightning strokes encountered by chance or
discharges *initiated by the alrcraft themselves. Thus, the
larger an airplans, the greater the space in which naturel
strokss -or -theinr branches -may be. encountered, and "the freater
the frequency -of - experienoing them. It 4 to he evpsoted
that a.natural stroke occurnring. within a distance of the,
aircraft ~equal to i%s dimensions will have = pzoanounoed
tendency t0 include ths airecraft in its path.
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Phis effeet probadly is not of so great importance
statistically as the efficacious process whereby large alr-
craft may initiate disruptive discharges more frequently
than esmaller aircraft, other conditions being egual. (In
reckoning the size of the airplane the trailing wlre or an-
tenna must be taken into account.) With increase in size of
aircraft there will be an increase per unit time (1) in quan-
tity of space and in number of precipitation or dust parti-
cles brought under the influence of the airplane, and (2) in
pumber of such particles coming into contact with the exter-
ior surface of the airplane, under uniform conditions regard-
ing the particles, airspeed, air density, electrical field
intensity, and so forth., ¥Furthermore, the. electrical capac-
itance of the alrplane (gquantity of charge it may hold at
unit potential) will undergo an increase with growth in size

"of airplanes, assuming similar geometrical configurations.

.Phie implies that larger airc¢craft flying in snow, 1ice
crystals, dust, and so forth, may have heavier charges of
static electricity generated and :residing on .them by tribo-
electric effects than smaller ones, provided (1) that the
most sharply convex protuberances (such as trailing wires,
burrs, etec.) are of equal radius of curvature in all alr-
ecraft, and (2) that the potential gradient at which such pro-
tuberances of similar nature go into corona is the same for
all aircraft. : e ' '

Consider a large and .a small metal airplane of similar
geometrical shape flying in identical condltions with refer- -
ence to the electricel fileld intensity, precipitatlion, dust,
airspeed, air density, and so forth, Then, the external '
electric field of given intensity may induce steeper local
potential gradients neer the specifled protuberances on the
larger than on the smaller zireraft. This result is produced
because there may be more free charge available on a larger
airplane than on & smaller one, and because the induction of -
charges on the extremities of the airplanes tends to be more
effective the farther apart the extremities (such as wing
tips or nose and trailing wire) are from one another and from
the maln body of the airplsane. '

In brief, then, the potential gradient at certain favor-
able extremities will tend to be elevated to a greater ex-—
tent on the larger alrplanes than on the small ones, as a
result of induction by external electricel filelds. From
this, 1t may De concluded that physical reasons exist which
tend to cause more frequent development of the critical
(sparking) potential gradient by larger than by smaller air-
planes, under otherwise equal conditions.
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Effects of Airepeed

The epeed of’ the aircraft involved may play e role of -
more or 1éss influence in determining the frequency of dls-.
rupti¥e discharges’ of the type initiated by the airplanes
themselves’. - In section 12 under "Effects of Speed," it was
pointed out:that at least two phenomena tend to intensify '
the potentialigradient near an airplane in flight through .
charged cloud ‘or precipitation particles. These result from
‘the motivn of “he aircraft relative to the particles, and are:
(a) the forced coalescence of like-charged water droplsts,
snowflakes,: and so forth, which glves the merged particles =
greater potential than the esmaller particles of 1like slgn
originally present; and (b) the ram-action -of the airplans
which by crowding of particles of given sign into a smaller
space intensifies the potential gradient. The greater the
speed of the atreraft, the more pronounced wlill be these ef-
fects, and the more particles. will be brought, within ths
sphere of influence of the alrcraft, with simlilar results.

.+ The mechaniesme Just: outlined will act to produce a max-
imum steepening of the poteniial gredient when an alrplane
flies toward a neardy highly charged cloud region or space
charge of one predominant sign electrically, while it thrusts
ite way through an assemblage of high1¥ charged. cloud or pre-
cipitation particles of opposite sign. Thus, in such gzones
of generally steep! potential gradient. the gradlent will be
made more. -steep by the stated mechanlems, and psrhaps de
caused, to exceed the gritical (eparking) value near the air-
craft, thereby leading to the development of an' electrical
breakdown of the field

If the signs of the eleetrical chargee had been allize in
the charged region and the cloud or precipitation particles
tonsideéered above, the effeét of forced coalescence and ram-
action would have been t6 diminish the potential gradient.
Circumstances such as those Jjust predicaeted generally ere
productive of and associated with slight potential gradientes
compared with those which prevail In the first-mentioned case

" 376 simplify the discussion through avoidance of the need
for defining the direction of the potential gradient, direc-
tlon of flight and prevailing field intensity has besn speoc-
ified with respect to oppositely charged or llike-charged re-
glons or assemblages of particles carrying electrical charges.

Y
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which involved a zone of high field intensity between nearby
charged regions of opposite polarity. An electrical brealk-
down is not very likely in a space of weak potential gradient,
and less so in such a space with the gradients further weak-
ened by the mechanisms described.

From the foregoing considerations, 1t is concluded that
inerease of airspeed 1s conducive to greater probabdlility of
development of the oritical potential gradiernt in zones of
pre-existing relatively steep gradient. Alrspeed may there-
fore possibly be & factor of some importance in the mechanism
of thoee disruptive discharges which are-initiatqﬁlby air-
craft. o -

Stfsamer Mechaniem

Before the critical potential gradient for a disruptive
discharge is attained, corona discharges are generally occur-
ring from various parts of the alrcraft, for they start at
considerably lower gradients than dlsruptive discharges. The
current conveyed by the coronas is very weak and cannot cause
burns in the metal skin, despite the intensity of radio in-
terferencse from so-called "precipitation static" or otherwlss,
as outlined in section 12. x '

Bowever, when the critical potential gradient for a dis-
ruptive discharge is achieved in the immediate viecinity of the
exterior of the aircraft, local breakdown-occurs in the form
of long luminous streamers usually extending from the extremi-
ties of the airplane or the propeller’ tips. These streamers
are probably essentlally similar to the lightning "pilot stream-
er' described in appendix VII. The path blazed by the pilot
streamer is largely controlled by the local potential gradient.

In a cloud or in precipltatlon, the path very likely will
be determined by the configuration, corncentration, and charges
of the particles, for in an intense electric field glow dis-
charges and sparking may oceur from the particles (reference
4). Thus, glow discharges betweeh ad-Jacent. droplets driven
close together by the ram-action of the ‘airplane may hasten a
breakdown and aid in establishing the path of the streamer,.

As found in the laboratory:study of sparks (references
14 and 15), the leader strokes méy be negative leaders or pos-
itive streamers. In the case of the negative. lgaders from
the airplane the airplane would be of negative polarity.
When & spark (disruptive discharge) passes, thep_at“some point
in the field where the potential gradient is sufficient, one
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electron (here presumably from near thé alfcraft) is impelled
by the strong field 1nteneity to accelerate at & high rate.
On making impacts with numerous neutral mélecules and atoms
the electron ionizes them, thereby libverating. other elsctrons,
Theee. in turn, are driven forward by the field ‘to ionize
other neutral particles. ‘and so on. repeatedly. In this man-
ner, an avalanche of electrons ie- created Owing to their
kigh nobility® they leave behind ‘e concentration of positive
-ione. which constitute a space charge._ These iong possess a
much emaller mobility than the electrons and therefore move
much more slowly and 4diffuse to & lesser extent. Thse cumu-
lative lonization therefore takes place in a narrow path ly-
ing in the field direction. The electrons tend to diffuse
laterally somewhat a8 they progress. To the rear of the
slectron avelanche the attraction of the positive lone tends
‘te hold them back, an effect nmost pronounced on the hinder-
moet Here theré 18 a weakening of the potential gradient

The positive space charge temporarily steepens the po-
tential gradient on the side toward the negativsly charged
s “¢loud or alrplane, until the 1one are swept to the latter or
are left behind by the moving asireraft. Analogouely, the
slectron avalanche steepens the potential gradient near its
tip on the slde toward the positively charged cloud region
- which 1t 18 approaching. ' '

. While the electron avalanche continues to ionize neutral
particles in itse path, under the impetus of the electric
field, 1t prodiuces possibly four or more times as many rhotons?®
as it did iops (reference 14). These photons radiate in all
"directions at the speed of light, and a certain fraction will
{onize some of the alr molecules. The electrons liberated by
this Process produce freeh avalanchee of electrons,

Near the head of the initial electron avalanche moving
toward the posltively charged c¢loud, the leading electrons
and also the photons created there produce ionization in ad-
vance of the avalanche tip. A%t this point thes potential gra-
dient 1s locally steepened, uo that the electrons are driven
on, fonizing further, producing more electron avalanches and
leaving pogitive space charge 'behind. This attracts and

1Mobility ‘may be deflned as the ratio of velocity of a
charged particle ‘to the potentiasl gradient. It may be ex-
pressed in terms of . cm/eec per volt/cm.

2See under Pilot Streamer in appendix vII,



.

NACA TN No. 1001 S = 68

draws in the'previous concentration of electrons that was
bound by the previous positive space charges.

In this manner, breakdown streamers propagate under an
adequate potential gradient until the positively charged
‘eloud region is reached. The highly ionized chanmnel left be-
hind by the leader mechanism is of relatively great condue-
tivity compared. with neutral-sir,

Once the intervening space between concentrations of
charges has been provided with such a channel, a huge spark
may travel along theé path blazed by the streamer. This cli-
mactic event is brought about by the action of the existing
strong potential gradient, for the highly mobile electrons
which reside in the nearby negatively charged cloud reglon
are driven at high speed by the gradient along the channel 6o
the positively charged cloud region. The tremsndous surge of
the electrons ionizes vgst numbers of neutral molecules by
collision, and ereatees photons, lesding to further ilonization,
all of which culminates in the development of a brilliant
flash of lightning..

By spreading of side branches from the advancing negative
leader, & greater volume of the ecloud may have its charges
neutralized or removed by the stroke.

Counteracting the foregoing processes are the recomdbina-
tion of electrone with positive ions and the attachment of
electrons to neutral molecules or aggregates of molecules.
These tend . to cause decey of the ionization in the channel.
If this process goes on sufficiently, ‘the leader may becoms
stepped or cease altogether.

Inthecmseofem.airplane of positive polarity with posi-
tive streamers :from the airplane, electrons are stripped from
neutral molecules by impact of a single free electron near
the strongest part of the fisld (presumably at certain extrem-
tties of the airplane) and the electron .avalanches thus ini-
tiated ‘are driven by the field in the direction of the posi.
t1lvely charged cloud region, leaving positive ions behind.
Photons formed as in the previous case also produce electron
avalanches whick move in the same direction. ZElectron ava-
lanches which form near the tip of the positive-ion space
charge on the side nearest the negaetively charged cloud region
move rapidly along the ghannel of the space charge toward the
positively charged cloud region. This phenomenon is very
marked, for {the positive charges at the tip of the positive
streamer on the negative side exert a strong attractive force
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for the electrons-and facilitaté the longifudinal spread of -
the ionization...Through'repeated'processeé of “this sort :
positive streamers are extendsed toward the negative slde,

since the potential gradient there is steepened by the-dis-
tribution of fhe charges and the field. . =~ ° SRR

It may be seen from the foregoing that onca the higkly
jonized streamer channel initiated by the airplanc bridges
the gap between two oppositely charged cloud centers or cloud
and precipitation centers, a violent disruptive electrical
discharge can take place with the alrcraft forming a portion
of 1ts path. The discharge will be aself-propagatling at aver-
age potential gradients lower than the critical sparking po-~
tential gradient after the initial -Breakdown occurs. Thue,
leaders may propagate from the primary breakdown point and
encompass the adjacent cloud or precipitation centers, A
strong flow of electrical charges theredby occurs from one of
the centerse to the other of opposlte glgn, ‘tending in thie
manner to produce neutraligation. - = C

Without the sufficlently strong potential gradient estadb-
lished between the oppositely charged cloud centers, there
could not develop a disruptive discharge. Once the ‘charges
in these centers are neutralised ard the potential gradlent
is greatly weakened or nullified, no charges can flow along
the ionized channel initially blazed by the streamer, and the
dischaerge must terminate. Owing to the conditions, the dis-
ruptive discharge can be expected to have the charscteristics
of cloud-to-cloud lightning strokes which do not appear to
have return strokes as do rcloud~to~ground strokss, .

Some persons have propored the followlng erroneous theory
for the origin of the disruptive diecherge: (1) The airplane in
flying through a highly charged cloud reglon of one polarity
accunulates a heavy charge of like .eign; (2) the airplane ab-
ruptly enters a highly charged cloud region of opposite polar-
1ty; and (3) a dieruptive dischargze octurs because the charges
on the airplane are removed in a form like a spark of static
electricity. This concept of the mechanism involved is not
supported by the facts, for the capaclitance of the airplane is
too small to enable the structure to hold enough charge (cou~
lombs) at existing potentlials.to explain the holes burned by
the actual disruptive diescherrge experiexced,

19. RECOMMENDED MAINTENANCE PRACTICES DESIGNED TQ PREVENT OR ALLEVIATE
POSSIBLE HARMFUL EFFECTS OF DISRUPTIVE DISCHARGES OR BTATIC SSARKS

1. Be sure all metallic parts of-the structure of the
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airplane arc well-bonded together. (This lessens both light—
ning hazards and radio interference.)

2. Yherec vracticable, use a conducting coating and/or a
network of well—-bonded conducting strips preferably on the out-
side of important nonconducting, exposed components of the air—
craft, especially if sué¢h members project appreciably, provided
these arrangements do not interfere with the radio or other -
devices. ' :

3. Be sure that drippings or vapors of fuel or oil are
not present where a discharge current may be conveyed into the
airplane, as via radio connections or other conductors insu—
lated from the body of the airplane, and nonconducting exposed
members (like plastic nose compartments or blisters).

4, Owing to danger of an exp10310n from static svarks,
the aircraft structure should invariadbly be grounded when re—
fuelings To avert the possibility of airport personnel re-—
ceiving a severe shqock from gtaticg electricity, it should also
be grounded as soon as possible after landing.

20, RECOMMENDED FLIGHET PROCEDURE TO AVOQCID DISCHARGES
AND ALLEVIATE HARNFUL EFFECTS

The following flight procedure, based on the facts presenit—
ed in the preceding sectlons of this report, -is recommended to
pilots as a means of reducing the chances of experiencing a
disruptive electrical discharge to aircraft, and of alleviating
any resultant harmful effects if a discharge takes placs:

1. Avoid flight through large or towering cumulus and
cumulo—nimbus clouds, especially at levels where the tempera-—
ture is from 20° to 40° F (The layer with temperatures be—
tween about 24° ana 40° F, i.e., 32° £ 8° F, is most frequent—
ly the scene of discharges. )

2. Avoid flight through cumulo—nimbus clouds at levels
where the temperature is between +15° and ~10° F, for high
potentlal grazdients and consequently disruptive discharges can
be expected, (In addition, ice crystals, snow, sleet, or hail
usually will be encountered under such conditions, The hail
may produce serious damage, )

3., Avoid flight in the immediate viecinity of cumulo-—
nimbus clouds, especially when they have given manifestations
of thunderstorm activity. It is preferable to keep at least
2500 feet or more away from them,
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4, Avold flight through moderate or heavy rain and/or
snow, sleet, hail, or. ice . crystals, especially at levels
where the temperature is from 20° to 400 F, particularly if
the precipltstion i1s from cumuliform clouds.

6. If tre precipitation static and/or corona discharge

(St. Blmo's fire) is moderate to severe, and there is evi-
dence from the temperature, cloud, and precipitation condi-
tions that the airplane is Iin a zone of strong potentlal gra-
dient between oppositely charged reglons, reduce speed some-
. what (see sec. 21, par., 7) and seek a lower level where ten-
peratures above 40° F prevaill, or leave the given cloud and
precipltation .conditions, Tendenecy for coronal streamers to
build out rapidly 'and for precipitation static sounds to in-
creese rapldly in Intensity should be regarded as precursory
signe that s discharge 12 imminent. (Reduction in speed al-
lowas acguired charges to diminish and permits the corona d&ie-
charges to lessen in intensity. It also ie possible that
these results prevent the potential gradient at the airplane
from building up to such extrems values as otherwise would bde
attalned.) .

6.  If exieting conditions are favorabdble for a discharge
and the signs are present that a dlscherge may be imminent,
be sure that the antenna is grounded. In flight through me-
teorologlcal conditicuns wherein a discharge might be expected,
have the trailing antenna reeled in, 1f such is used on the

aireraft. - .-

7. If the signe are present that a discharge may be im-
minent, or that e discharge might be expected under existing
conditions, have the cockpit lights turned up full bright,.
Also) keep the eyes focused on the instrument penel, especially
at night, as this will alleviate temporary blindness resulting
from a lightning discharge to the aircraft. One of the pilots,
at -lesast, should shield his eyes by holding his head down in
the cockpit, keeping his eyes closed or focused on the brightly
~lighted instrument panel. Opaque goggles may be worn in lieun
~of this, or opaque curtaing may be drawn to shield one or both
pllotg'when‘flight'oh'instpumgnts is not objectionadle for
other reasons. Another suggested protective measure is the
wearing of a long visor which shielde the eyes from any light-
ning - flash that might be seen through the windshield or the
side windows, but allows the pilot to observe his cockpit in-

. struments.: St4ll another suggestion, having the same ebjJect,
-1s the wearing of goggles the upper portlon of which 18 ron-
dered opaque and the lowser portion kept transparent. Sun 80g-
g€les may be worn in the daytime as a partial protective measure
for vision during flight under thunderstorm conditions,
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8, If the automatic pilot 1s not already engaged, have
1t ready to engage immediately 1f a discharge occurs. :

NOTE: One euthority has stated in regard to this matter:

#While .it is not general practice, it 1s considered
good policy in flying through elther turbulent alr
or in regionsg of possible electrical discharge %o
have the automatic pilot engaged but with the servo

" .control.turned down so the pilot's control can over-
ride the mechanical control, With euch an ad just-
ment the pllot retains his manual control at all

. times, but if necessary can give full control to the
.gutomatic pllot by turning up the servo unit. This
method slso eliminates the possibility of the auto-
matic pllot placing undue strain on the controls
under severe turbulent conditions -that would bdring
about * * % % .% gtglling and structural strain,”

which it is desirable to avoid.

9, If the signs are present that a digcharge may be lmmi-
nent, or that a2 diecharge might be expected under existing
conditions, do not hold the radio earphones %too close to the
ears. Thig will tend to prevent acoustic shock. Strong light-
ning crash statle (atmospherics) mey be regarded as & sure

sign of nearby thunderstorm conditions, even though lightning
18 not obeserved because of poor vislbdllity. :

10. When landing after a flight in which the aireraft ac-
quired & strong elsctrical charge, an electrical conductor
forming part of, or connected with, the metallic structure of
the aireraft should be caused to make contact with the ground
or the water inm order to discharge the. static charge from the

aircraft, before eny person mekes the contact. . (The use of
trailing wire or other discharge devices during flight immedi-

ately prior to landing may obviate the need for any special
discharge conductor such as that implled above.)

AN EXAMPLE OF PROCEDURE WHICH APPARENTLY PREVENTED

A DISCHARGE 70 THE AIRCRAFT

- There follows a copy of a repcrf rendered by ar alr line
pilot which illustrates how certaln precautionary measures
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taken when a dilscharge seemed imminent apparently prevented
an electric breakdown from qececurringt.

woe LWEETY, 000 feet. flying east of "A,"1 a constant temper-
ature &t 38° ¥ wasg observed un$il the: flight feached the
vicinity of "B," where the temperature gradually lowered to
5% F, "Ia"the vicinity of “C" light snéw was encountered
while on Ingtruments and the temperature lowered adbruptly to
32° P, " 'Static lnoreased steadily between MC" and "D," block-
ing out ‘all radio reception and at this time some St Eimo's
fire was observed on the propellers.'

- "At. about "D“ the etatis reached a maximum of intensity,
the. snow changed from a. pure erystalline tc 'a more liguid
state, eticking to the windshield, while the temperature
dropped to ‘25° F momentarily. The corona on the propellers
inecreased in intensity. estimated 12 inched long, The nose
of the ship then went into corona discharge; long flamelike
dtscharges exténding forward gquite some distance, apparently
about 30 feet. | _ ’ 1 .

“Anticipating a sudden discharge. the throttles were
clesed to reduce forward speed ang. a desceht was started.
The corons on the. nose- immediately ceased as the throttlea
were closed and descent begun.' :
”On reaching 9000 feét, power Was 1ncreased ‘to, normal
_and descent checked . The- temperature was 380 F at this level,
anow had changed to rain with 1ittle static and no corona dis-

charge .

"If the .same -speed ‘and 1evel of flighb had been main-
tained at 11, 000 feet It ts belleved the. Bhip would have been
struck by lightning, sihce immediately after lowering below

' . the cloud deck a severe discharge of . 11ghtn1ng occurred close

to the 1eft wing. I U - SRR S

The letters MA,N “B' 1 g, and "D" are intended to des~
lgnate certain epecific cities or towns 1n the vicinity of
the alrway over which flight .was made.“ ;'_5;~ :

0
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21. RECOMMENDED FLIGHT PROCEDURE AND PRECAUTIONS TO AVOID OR
ALLEVIATE HARMFUL EFFECTS FROM SEVERE METEOROLOGICAL
CONDITIONS (OTHER THAN DISRUPTIVE DISCHARGES)
ASSOCIATED WITH THUNDERSTORMS

1, If the precipitation intensity or the concentration
of moisture in the clouds seems to be relatively great, as
evidenced by uvnusuval wetness, have the carburetor preheat full
on. This probadly will tend to prevent rough engine action or

engine st oppage.

2. Avold instrument flight in areas where towering, trop-
1cal cumulusg clouds may be encountered. The severe turbulence
therein offers seriocous hagzards for night flying.

3, Avoid the turbulent zones within growing or active
cunulo~-nimbus clouds, especlally where the rapidly ascending
core and the surrounding descending exterior adjoin. Other
turbulent zones to be avoided are near the narrowedg portion
of the core in the vicinity of the freezing level and above
that wherever the buoyancy of the updirafte are rapilly diamin-
ighing., Accelerations of considerable magnitude may be en-
countered, capable of doing structural damage to the alrcraft
in some casss.

4. Avoid the downdrafts in the neighborhood of the base
of active cumulo~-nimbus clouds and their acccapanying sgrall
clouds. Also, avoid the Cdowndrafts ussoeristed with heavy rain
(usually cold) which descends in gushes from cumulo-nimbus
clouds. Rapidly dissipating cumulo-nimbus elouds, too, are
characterized by strong downdrafts at almoet all levels, and
these must be avoided.

5. Avoid flight through or in the immediate vicinity of
line squalle and egpecially of the attendant roll cloud, for
there is danger of encountering violent turbulence which ren-
ders an aircraft unmaneuverable or 1s likely to do structural
tamage. Avold a path intended to effect flight underneath an
approaching squall cloud or heavy shower, as downdrafts may
induce dangerous, diving angle of attack and asccelerated de-
scent, wherein pull-out may not be poseible before the surface
1s reached. TFlight below or within regions of downdrafts
which may carry an ailrcraft to the surfaece is therefore espe-
cially fraught with danger. Overrunning cold fronts and Pre-
frontal line squalls have especially great hagzards associated
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with them. Tornadoes and hail appear %o occur most freguently
In conjunction with the prefrontal type.

6. It 1is preferable to avoid flight through or bvenesasth
cold-front and orographically produced cumulo-nimbus clouds
and thunderstorms, ad sdverse conditlions of unusual severity
may be expeoted, particularly 1f the warm eir mase involved 1ls
very moist ard 1is, or cen readily become, conditionally un-
stable by lifting. (Tropilcal maritime air masses have thesc
characteristics most often.} Downdrafts, torrential rain
gurhes, turbulence, ice accretlon, end hail associated with
stormg .over mountainous terrain where peaks may be wholly ob-
gecured bv clouds present most extreme combinations of hazards.

7. If flight must te made tlhrough a tlunderstorm, it is
" generally preferadle to fly et somewhat reduced speed (goe
note below) 4in the region a small to moderate distance above
the top of the roll cloud and Just abvove the accompanylng
strato-cumulus cloud deck, Inasmuch as turbulence usually
increases with helght at the boundaries of the rising core of
alr, less turbulence can be expected ir this region,

O0TE ¢ Too great a reduction of speed 1s highly objJec-
tionable since reduction of speed may lead to stalling and
loss of control, which $is egpeclially dangerous in turbulent
air., It i1s therefore desirable to remain at a safe speed
above the stalling speed. One suthority has suggested that
the rough-air operating sveed should be placed midway between
the stall speed, flaps up, and the deslgn maximum spesd for
level flight, with both flgures based on the normal gross load
condition. Some authorities conslder the desiratle method of
reducing speed is to lower the landing gear. There are objec-
tlons to reducing speed by reducing engine power slone, for
there is a risk of Inducing the formation of carburetor 1lce or
of foullng the spark plugs, with the undesirable reemlt of in-
sufficient power belnzg avallable when and 1f needed,

8. Avold flight through the "light spote" or "greenish
hued" regions in an active thunderstorm, as these are consid-
ered to be reglions of severe turbulence and hail. (Lisht
spotes are regions where the clound mass hag a consistent
filmy white texture and lacks the “boiling" contour of cumulus
clouds. There is reason to believe that such ragions are
spaces where ice particles falling into concentrntions of
water particlens cause rapid condensation, a2nd possibly hail,
Strong air currents also may be produced.)
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9: In flying in the vicinity of a line of thunderstorms,
it is preferable to maintain flight under clear sky or under
high overcast, rather than beneath an intermediate overcast
eloud layer. (The reason for this is that thunderstorms have
a tendency to huild out above the strato-cumulus, alto-cumulus,
or alto-stratus ‘layer and suddenly releasase heavy raln or haill
in advance of the squall cloud. These are attended .by moder-
ate to severe -turbulence,)

10, Possibility of encountering hail on the leeward sids
of the thunderstorms that are "ekirted" too closely suggests
that the immediate neighborhood should be avolded for that
reason as well as for the reason that cloud-to-air lightning
strokes might involve the alrcraft.

11, If flight below a thundsrstorm must be made because
the storm cannot be flown over or detoured 1in the clear, be
certain there is adequate clearance (at least 2000 ft) between
the cloud base and the aircraft, as well as between the air-
eraft and the ground (preferably not lese than 4000 ££). The
heavy raln curtain, the roll clouds near .the cloud bass, and
the region of strong updrafts and downdrafts should be espe-
cially avoided. Thunderstorms which are severel hours old and
are diminishing in intensity can be more safely flown under
than young and vigorous thunderstorms,.

12, &void flight at low levels between two neighboring
thunderstorms, especially if the storms are "young" and
energetic. The strong descending currents in this area, en-
gendered by the combined effects of the two disturbances,
frequently manifest and produce extreme turbulence of hazard-
cus proportions.

22. RECOMMENDED PROCEDURE IN THE BVENT OF

MAGNBTIC GCOMPASS FAILURE IN FLIGHT

In & small number of cases electrical discharges appear
to demagnetlgze magnetic compasses, and in other instances
the compasses become unreliable as the result of magnetism
induced in the eteel ptructural framework of the airecrsft by
the heavy discharge current, The succeeding instructions,
which describe stepe designed to alleviate the defielency
in such cases, are takes from a General Information Letter of
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May 2, 1938, forwarded by Transcontinental and Western Air,
Ine., to all its flying personnel on the subject:?

"In the event of magnetic compaess failure in flight, it
1s recommended that the following procedure be adopted, so
that the pilot may orlentate himself and establish direction.

"If completely lost on instruments, due to compass fail-
ure, it then becomes necessary to meke use of both the direc-
tional gyro and the directlion finding equipment aboard the
airplane.

"Orientation under these conditions may be mccomplished
as followe: : .

1. Tune in a station, preferably one which lies on the
route within reasonablsé distance limlts, and one
from which a clearly audible signal may be received.

2. Solvé.orientation problem and home.

3. If the celling is such that a landing cannot be ef-

' fected - immediately tune to some other gtation
within a reasonable distance which gives a clear
signal and home accordingly. The inltial homing
heading toward the second station will be the.
bearing of the second station from the first and
therefore provides & directional heading on which
to set the gyro.

If the celling of the second station 1s such that
a landing cannot be effected, directlion will at
least be established aso that the pilot may head
toward an area suitadle for landing.

Precautionary Measures

1. In solving the orientation problem for the initial
station 1t will probably be necessary to fly for
three to six minutes on the 90 degree leg (a%
right angles to homing course) in order &o get a
sufficient change in null progression, since the
plane may be considerably dietant from the station,

lAppreciation is due the Transcontinental and Western
4ir, Inc., for kindly furnishing the instructions for use in
this pudblication, C '
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It will &also be eéseﬁtial to hold asg steady a
course ae poesible whenever setting the gyro to
‘null or ‘when establighing null progression.

2. During the homing procedure on the initial station
the first officer ghould choose enother station
gilving coneglderation to distance and also source
of signal strength and should observe or measure
the bearing of the second stetlon from the first.,
since this will be the bearing of alignmsnt on
vhich to set the gyro when over the initial sta-
tion. Be careful not to use the reciprocsal.

3. Care should be exercised when solving the orlenta-
tion problem on the second statlion;.agnd if it is
found that the plane was heading. away from the
station then the. gyro should be changed by 180
degreea.

4, When possible, in normal flight, make 1%t a prectice
of checklng the rate of precession on the direc-
tional gyro so that it can be set accordingly on
a time basis.

5. Prior to flying into an ares where St BElmo's fire
is prevalent, carefully check the gyro against
the magnetlc compass and 1% is recommended that
you do not change the gyro until such time as
the condition hae been passed, providing the

. condition flown thru is not too extenegive. If
the procedure outiined in Paragraph 4 has been
followed, it ie possible t0 reset the gyro on a
time baais due to the fact that the magnetic
compass may be strongly affected as a result of
St. Blmo's fire.

dokod ok otk

The following procedures are of practical value and may
be adopted providing the pilot can c¢limb up thru the overcast
and break out on top.

Kight Time
Directlion may be established by locating the North, or

Pole Star and aligning the direction of the fiight toward 1t.
This direction is True North, To obtain magnetic egqulvalent
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subtract :the variatlon.df your locality from 360 degrees for

‘Basterly varlatlon and .set the dlrectional gyro accordingly.

Conversgely, 1f the wvariation is Westerly add varlation of lo-
calitv to zero and aet the EyTro.

Dey _L&_
: Direction ‘may be established, plua or minus 20 degreeos
... by settling one's watch to the established time zone of the
Yocallty in which.the plane is flying and pointing the hour
“Hand of the watoh toward the sun, True South will be indi-
pated by 'd:point midway ‘between the hour hand and the flgure
*12% using, of course, the shorter of the two arcs, i.e.

”South may :be  -féund .by blsecting the angle between the hour
’haﬂd and the figure 13 “-, . . .

e e - PN

23, BNGINEBRING DATA

- - .. Data of interest to.ameronautical -engineers in connection
with the-possible.effects:of dAisruptive electrical discharges
upon certain alrcraft structuree are glven.in appendix II of
this report. Temperature and altitude data for the occasions

rof suchdischarges ere .given in .appendix III on the basis of
avallable infprmation: -Thege. data are. ugeful in determining

‘wheéther aviation.:fusels and. 1ubricants are inside or outside
of their 1nflamMability 11mits under the given conditions.

With regard bo magnetic effacbs of lightning it may Dbe
recalled (see. sec. 15) that- there are .a few cases on record
‘where- it was clained 'thsat the_permanegt_magnets of the mag-
netog may. have been influenced or .that the magnetlc compass
‘wag affected, elthet Dby demagnetization or by magnetigation
of some nearby steel parts of the aircraft. TFor information
as to the shielding of permanent magnets from transient mag-
netlc flelds, the intereeted reader is referred to an article
regarding that subjsct by Wey (reference 16). For informa-
tion as to means of eliminating or correcting airplane mag-
. netization,,ths ‘regder .may consult an article by Lee (refer-

':fence 17). I S I L

U, B. Weather Bureau,
Washington, D, C., April 1945,

i .. L -
b, . LT R S A I
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APPENDIX I
BRIEF GLOSSARY OF-SOME IMPORTANT METEOROLOGICAL TERMS

The following brief glossary i1s included for the benefit
of the nonmetecrologlcal reader. It 1s confined largely to
terms relating to the thermodynamics of the atmosphere essen—
tial to understand in connection with the discussion in sec-
tion 10 and appendix V. The arrangement is. such as to pro-
vide & more-or-less logical development of the subject if the
definitions and the discussions are read consecutively.

1. Lappe,rate -~ the rate of decrease of temperature
with height in the atmosphere

2, Dry-~asdiabatic lapse rate -~ a rate of decrease of tem-
perature with helght approximately equal to 1° C per 100 me-
ters (0.55° P per 100 ft). This 1e close to the rate at which
an ascending body of unsaturated air will cool due to adia~
batlc expansion, The lower pressure encountered during asasnt
permits expansion, hence cocling. Higher pressure encountered
during dgbcgnt causes compression, hence heating.

3. Adiahatic precess =~ & process during which nc heat is
communicated to or withdrawn from the body or system concerned,
An example of an adiabatic process is the change of tempera-
ture and pressure within a paercel of mslr undergoing ascent or
descent in the atmosphere rapidly enough so that the surround-
ing alr has little opporbtunity to transfer heat te the parcel
or vice versa. The work done by an ascending parcel in expand-
ing agalnet the surrouynding air uees some of the heat energy of
the air in the parcel, thue cauiing cooling of the parcel. The
reverse 1s true in regard to a descending parcel,

4, Saturated-adiabatic lapse rate - a rate of decremse of
temperature with helght equal to the rate at which an ascend-
ing body of saturated air will cool during adlabatlic expansion,
where all the products of condensation are carried along dy
the moving body of alr. The saturated-adlabatlc lapse rate is
not constant as in the case of the dry-adiabatic lapse rate
but varles with temperature, pressure, and original moisture
content of the alr, 1It.ie always less than the dry-~adisbatic
lapse rate, and increases as the’ temperature decreases. (An
approximate average value for the saturated-adiabatic: lapse
rate ig 0.89 C per 100 m.,) Saturated-adiabatic lapse rate
alse 1s called wet-adiabatic 1apse rate and moist-adlabatic
lapse rate, : . -
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5, Pseudoadiabatic lapse rate -~ a rate of decrease of
temperature with helght equal to the rate at which an ascend-
ing body of saturated air will cool during an expansion which
1s adiabatic, except that all products of condensation fall
out of the body of ascending alr as rapidly as formed. For
practical purposes the value of the pseudoadiabatic lapse
rate may be regarded as substantially equal to the saturated-
adiabatic lapse rate under the same conditions of temperature,
pressure, and original moisture content of the alr. Forced
descent of air which has undergone pseudoadiabatic ascent im-
mediately causes it to become unsaturated and to warm up at
the dry adiabatic rate, since products of condensation, having
faellen out, are unavailable to maintain the air in a saturated

condition.

6. Stabllity - & state in which the vertical distridbution
of temperatureé is such that '‘a parcel of alr will resist either
upward or downward displacement from its level by a disturbding
force. The resistance in the case of upward displacemsent is
due to the fact thet the parcel is colder than the surrounding
air, therefore denser; hence it sinks back to its original
‘level Wwhen the disturbing force ceases to act. The resistance
in the case of downward displacement is due to the fact that
the parcel is warmer than the surrounding air, therefore less
dense; hence "bBuoyancy cauees it to rise to ite original level
when the disturbing force ceases to act, L Co

7. Stability of unsaturated air - Unsaturated alr Lis staé
ble as long as the ‘existing lapse rate 1s lese than the dry-
adiabatic lapse rate. o ) '

. 8. Stabllity of saturated air - Saturated air is stable
as long as the existing lapse rate 1s lese than the saturated-
ediabvatlic or .pseudcadiabatic lapse rate,. . :

. 9 -Instability - a state in which the vertical distridu-
tion 'of temperature 1s such that a parcel of air, 1f glven
, elther an upward or -a downward impulsee, wlll tend to move
away. with increasing speed from its original ‘level., The force
‘causing the parcel to continue in upward motion after an ini-
tial upward impulse-1s buoyancy resulting from the parcsl's
being warmer than .the surrounding alr, hernce less dense
(lighter). - The parcel continues in downward motion after an
initial ‘downward impulse because it 1is colder then the sur-~
rounding 'air, hence more dense (heavier).

© 10, Imstability of unssturated air - Unwpaturated air is
unetable when the existing lapse rate is greater than the dry-
adlabatic lapsge rate.
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11. Instabdility of saturated air - Saturated air 1s un-
stable in the upward direction when the existing lapse rate
is greater than the saturated-adiabatic or pseudoadiabatic
lapse rate. Downward displacement of .saturated air causes
its temperature to0 incremse, which leads to evaporation of
the contained liquid water, snow, or ice crystals, and even-—
tually to an unsatursted state when the latter are entirely
evaporated and/or removed ty.falling out, .

1z2. Conditional inetability ~ a state in whiceh the ver-:
tical distribution of temperature is. such within & layer of
atmosphere that stability for unsaturated air prevails but
instability of saturated air would occur if saturated air" .
were introduced at the base of, or anywhere else within, the
layer. Conditional instahilitv obtains whenever the exist- ’
ing lapse rate within the layer exceeds the saturated-adia- °
batic or pseudoasdlabatic lapse rate, but is less then the -
dry-adiabatic lapse rate. . . : I .

13. Absolute stability - e state in which- -the’ vertical

distribution of temperature-is such within a layer of atmos- .

phere that stability for saturated alr would prevail in the.
layer if saturated air were introduced anywhere within 15,
This also implies stability for unsaturated air. -  Absolute
stability obtains whenever the existing lapse rate within
the layer 1s less than the saturated- adiabatic or pseudo-‘
adlabatic lapse rate. : . -

»-.." '.;

14, Convective instability - Apart frcm the case whsre
a layer already is unstable for maturated air- and' has' satu-
rated air present’ in }ts loewer portion. at" least,.cenvective
instability- 1mplies one. of the following possibilities.'*-f
.—:’_}_ .
(a) If a layer of air currently has a- 1apse ‘rate” wnich
“ig stable for saturated air, and hes saturated .
air preeent in 1ts lower -pertion, suffidient’ lift—
ing of the layer @&¢ a whole eventually will . .cause
‘the layer to become conditionally unstable while"‘
saturated air is preeent in its lower portion.

(b) If a layser of alr. currently hae unsaturated. air in °
its lower portion, a eertain amount of lifting of
the-layer as a whole will cause the lower portion
to become saturated with the layer stable for sat-
urated alr, bhut . suffictent additional- 1ifting o
eventuglly will cause the .Layer ‘to ‘Decome condi-
tionally- unstable with gaturated air present at
its base,.
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(e¢) If a layer of air currently has a lapse rate which
ie.elther stable or unstable for saturated air
and hag unsaturated air in ilts lower portiosn,
sufficlent lifting of the layer as a whole will
cause the base to become saturated while the

" layer is conditionally unstable,

Summarizing: Convective 1nstability of a layer of air
implies that, if i1t is not already conditionally unsta-
ble with saturaeted air present in its lower portilon,
then. 1t can bhe brought to that state by sufficient 1lift-
ing. When that state is resched, the instability of the
layer for paturated air is manifested by the actual '
(thermal) convectlion of saturated air from the lower por-
tion to its upper portion or higher, with consequent in-
crease in the vertical. development of the clouds formed
by produecte of condenaation. and the- occurrence of tur-
bulent currents caunesed by the convectlon.

Conv ve_ sbtability of a layer of air implies that
it is currently pot unstable for saturated eir with saturated
alr pregent in i%ts lower portion, and that, moreover, the
layer cannot be brought to a state of conditional instability
with saturated air present 1n "ite lower portion despite any
amount of lifting. A layer which ls convectively stable -there-
fore cannot actually exhibit instability for saturated air by
any adiabatic procese which the layer may undergo as-a whole.

. 16, Convection - the upward or downward movement, mechan-
ically or thermally produced. of & limited portion .of the at-
mosphere. Mechanical or forced convection is due to displace~
ment of the Body of air upward or downward by an external dis-
turbing fector which forces the air from its original level,
ae when horizontally flowing air strikes an. obetacle like a
hill apd is forced to flow over it. Thermal convection is
aptiye,when,an”ppward—impe;led parcel of alr i1s warmer, hence
less dense, than its surroundings and contlnuee to ascend as
long. ap 1t thus possesses buoyency; while, on the contrary,
the opposite (i.e., Binking) effect 1s produced when a down~
ward-impelled parcel of alr is colder, hence more dense, than
its surroundlings and continues to descend as long as 1t thus
remainé heavier than an equal volume of surrounding air.
Thermal convection readlly occurs in unsaturated air when the
existing 1apse rate exceeds.the dry~-adiabatlic lapse rate, and
in saturafed air when the existing lapse rate exceeds the
saturated-adiabatic or pseudosdiabatlc lapse rate. (See
Instagllitx ) The approximate upper limlt of thermal convec-
tion 16 the 'level where the temperature of the ascending
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parcel of alr just begins to be less than that of ths sur-
rounding air, although if the parcel has considerable upward
momentum when it reaches this level 1t will overshooct. A
parcel of air undergoing upward convection cools by expansion
approximately in accordance with the dry-adiabatic lapse rate
if it is unsaturated, and with the peeudoadlabatic lapse rate
if saturated. ’

APPBNDIX Il

LABORATORY TESTS ON BFFZCTS OF YARTIFICIAL" LIGHTNING

UPON SHEET METAL AND WINDSHEIZLD GLASS

The High Voltage laboratory of the General Electric
Company at Pittsfield, Mass,, under the direction of Dr, K. B.
McEachron, and the corresponding laboratory of the Westinghouse
Electric and Manufacturing Company at .Sharoan, Pa., under %the
direction of Mr. P, L. Bellaschi have conducted valuable ex-
periments for the NACAL 1an an effort to dlscover the effects of
simulated lightning discharges upon certain exterior portions
of the modern aircraft structure.

The results of these teste are briefly summarized here.

1. GENERAL ELECTRIC COMPANY LONG~DURATION

LOW-CURRENT TESTS ON SHEET MSTAL

Tests were made on sheets of metal of vearious kinds and
thickness with low-current eleetric ares in order to determine
the relationghlp between the area of the hols burned in the
sheets and the thickness of the metal 1n addition to the total
quantity of electrical charge that flowed through the arc.

The low-current arcs used were intended to simulate the low-
eurrent continuous component at the tail end of lightning
strokes (see appendix VII - Subheading: "Effects of Component
Parts of Return Stroke") and the continuous low-current type
of llghtning discharges which are sometimes encountered by
alrcraft. The test arcs were initiated dPy & low-current nega-
tlve polarity impulse followed by a negatlve direct current
power current ranging from 80 to 500 amperes. This method was
found to produce burns most nearly like those made by actual
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lightning atrokea of the continuous, long-duration, low-
current type. r - *

Electrodes were generally separated by a gap of 1/4 to
1/2 inch from the .sheet under investigation. In the tests on
copper, changing the slze of the gap betwsen electrods and
sheet from 178 to 1/4 to 3/8 inch did not ssem %o produce any
materlal difference in results.

The datea secured on copper sheets, aluminum sheets, and
stainless steel (from Fleetwings, Inc.) are of especial inter-
est.

The results mey. be summariged in the following two equa-
tionse which relate the essential quantities involved:

For aheets of copner, saluminum, and stainless steel
(from Fleetwings. Inc.)

1, Having a-thickness of Ofto 35 miles’

Ay'= 35:3 0 ¢ 0us
and - ' _
2, Having a thickness of 85 to 150 mils:
Ap = 245 C ¢~ 154
where ' '
A area of hole burned-ﬁgnarc, square millimeters
¢ quantity of .electric charge through arec, coulombs
5 thickness of sheet, mils

_ 'These equations apply equally well with. good, approxima-
tion tq copper._stainless steel and aluminum. N

Rl

It may be noted that ‘the qverage number of coulombs .meag-
ured in- natural lightning gtrokes 'ts 20 to 35 while the max-
imum evar measured wae slightly greater than ?OO

The following data present some typfcal results for the
sake of illustration._ o cn e e .
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Eleetrodes were of hard, 1/4-inch carbon rods, either
blunt as indlcated, or sharpened te a polint similar to that
on a sharp lead pencil, but with moere %taper.

The type of hole burned in the aluminum appears to be
different from the one burned 2a the plain copper. There is
a definite melted area surrounding the actual hole in the
aluminum which is nct found to any extent in the copper.

The last column of the foregoing table represents the area
of hole burned through by the arc plus the surrounded melted
area of metal, Holes were burned more readily 4in the alum-
inum than in the copper, especially for thicker shesets. 48
the thickness increasesg, the holes are not burned straight
through in ¢ylindrical form bdut are tapered,

Doudble~Wall Tests on Stainlese Steel

Teats were made on low-current arcs to double sheets of
stalnless steel to simulate tle condition of lightning
strokes to double-wall gasoline tauks in airplanes, Differ-
ent conditions of circul¥. grounds, sheet separ-tion, and
sheot thickness were tried at substantially constani charges
in the arc (about 100 to 120 coulombs)., The sheets were held
in a vertical position, separated by wooden spacers, with the
electrode in a horizontal plane (perpendicular to the sheets).
The testes appear to indicate that gas tanks with the outer
wall grounded and the inner wall isolated would afford the
vest protection and those with both walls grounded ere almost
ae good. To insure that the holes are not burned in the in-
ner wall, tha spacing baiween inner and vafer wall for 16-mil
sheot steinlecs steel (as per sample fror Flesiwings, Inc.)
must be cver L4 inches; for 20.mil, 1% mest be 3/4 inch or
more; for 30-.m3l, it muast bde éfa'inﬂh 57 morsa; and for 40-mil,
1t must be 1/4 inch or more, Iun ordaer %t. aescce salety of
fuel tanks.therefors,rather libaral cnecing ivw doubhle-wall
tanks skculd Le used, Holas beened in thse shee’ nearest the
electrodes, when that sheei is ssclated wiaile the sneet fare
thest from the electrode is gfrouzded, have about a 70- to 80-
percent smaller arca then when the first sheet conducts the
current to ground directly.

Degignating the sheet neasrest the electrode as Ko, 1,
and the other as No, 2, the following table shows a compila-
tion of the test data indicating the relationships between
thickness of metal, grounding or isolation of metal, spacing
between sheets, areas of holes burned in the respective
sheets, and the coulombs conveyed tarough the arc:
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Double Wall Construction of Stainless Stoel Sheets
Thickness ‘Grounded | TIsolated | Spacing| Holo | Fole . '
of shoot shoot botween | arca | area Coulombs
shoot . gsheets [sheetl|sheet 2
(mils) (in.) {(mo®) | (om®) _
[ 16 1 2 0.5 157 gh o4
i .
; 16 1 2 .75 160 g0 110
1% 1 2 1.00 155 50 108
16 2 1 .25 ok | 178 115
16 2 1 .375 | 109 | 2ok 122
16 2 ) ' .500 | 118 | 190 113
16 1and 2 | e 1.00 141 72 116
16 1and 2 | ~—eoemm 1.25 1hg 33 106
20 1 2" .5 145 50 . 112
20 1 2 .75 123 62 106
20 2 1 .5 100 152 104
20 1and 2 | ——meema .5 109 76 >110
20 and 2 | me————— .75 106 96 =110
30 1 2 .25 103 172 108
30 2 1 .25 g1 76 109
30 1 and 2 | —ece—ee 25 | 85 | he 109
Lo 1 2 5 105 10 103
40 1 2 .25 77 | *37 118
Lo 2 1 5 74 0 .99
40 1 and 2 | —mmeeee .5 7 o |- 112
4o 1and 2 | —me——em 25 [ 70 | 20 ‘112

Ares of burn

- no hole formed.

N
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Inasmuch as actual lightning strokes have been measured
to attelin a maximum value of at least 300 coulombs, the
tests basged on 99 to 122 coulombs do not show the most severe
conditions that muet be provided against. Therefore, spacing
allowances considerably greater than the maximums shown in
the table would ‘be required to provide safeguard against the
maximum 1ntensity of lightning stroke that might possibly he

experienced

- Tegts on Aluminum Tubing

~ Tests were made on aluminum tubing of 0.025-inch wall
thickness and 1 inch in diamater from an alrplane rudder bow.

A general 1dea of the results cf these tests on aluminun
tubing may be ga;ned from the following tabley

] . Hole Bols Extra

’ ' - area, area, hole

Direct Are topl bottom { burned,
current | duration { Coulombs area

(amp) .| (eee) (pma) (nn®) (nn?)
—————— . [ 13.5 ®12.5 | None None
223 . .| 0,196 | 40 38 None | Hone
193 - o0.1p8 35 2ns %21 None
486 | .278 113 155 39 66

1Side of tubing nearést electrode

3A.rea."of burn

There appear to bs two correlations between couloumbs and
top hole area: one where the hol® or burm occurred only on
one gide of the tube (nearest electrode), and another where
holes or definite burne (melted areas) occurred on both sides
of the tubs.

Holes of known..slze burned in three similar tubes by aec-
tual llghtning strokes apparently were caused by strokes
which passed 8, 38, and 110 coulombs, Judging from laboratory-
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derived relationships connecting burn hols area and coulombs.

Tests on Steel Plate

An attempt was made to burn a hole in 3/8-inch steel
plate, but 1t was found that the limitations of the circuits
prevented this. Alego, the coulombs required would be much
greater than the charge of any lightning stroke ever rescorded.
In the test, a 420-coulomb arec could not burn a hole through
the plate, but a craterlike hole 0.188 inch deep from the
(blunt) electrode side was produced, and the largest area of
melted top surfamce was 180 square millimeters. Thermocouple
measuremente of the maximum temperature reached at & point on
ths slde of the plate just oppeoeite the burn were only 80° to
86° C,.

2. WESTINGHOUSS ELECTRIC AND MANUFACTURING

COMPANY TESTS ON SHEET METAL

Long-Duration, Low-Current Tests

Investigations were conducted by Bellaschi {(reference 6).
on effects of long-duration, low-current arcs on sheets and
reds. The test apparatus consisted of an impulse generator
which initiates the breakdown of the air gap between the high-
voltage terminal and the aluminum sheet tested. Sixty-eyecle
current, supplied from a high-voltage power transformer,
followed. A copper rod machined to conical form, with height
equal to rod diameter, was used as one of the electrodes.

The aluminum sheet was grounded. The arc was between the tip
of the rod and the face of the sheet,

Some representative results of these tests are shown in
the following teble:



"

STITY-GYCTE CUREENT FUSION TESTS .

Diamoter [Fhicknoss (G‘Wmt) Are’ |Volume {Volume |Coulambs
Sempile of coppor| of ~ {\SEROFOE. 'r%?“'?tl"’)‘ Ohorge Fusicn Lof- 1 of per
rod or |aluminum | (root w cles offoete  |coppor |olumimmm| md of
wire | sheet { mean: .y of fused | fused | eluminume
" | squars): | BY-cycle 5 fused -
(1n.) | () 1} cwrrent) | (coulombs) (mm®) |- (m3) | * :
B 0,20 0.020 /00 - 1/2 26.2 . [Wire %ip fueed | 8.6 | 16.2 1.62
' . ' : 1/ in; 1/4 in.q g
‘thole burned, in .
"’ - - shest ‘ : .
D 0,20 0.030 500 |8 63.8 |Ertire wire tip| U g7 0.66
’ v . fused; 1/2 4r.
{holo arned in
) . sheot )
F 1/4 0,020 1350 &% 172 Tip plus 118 | 118 | 580 0,30
- ' in. rod fueed;
14 in. hele
_{ barned in shost
I 1f2 0.633 1200 8 1hk Hoé tip fusod 67.6| 510 0,28
- ' ' 1/4 i1n.; 1 Y6
' in. bolo burned
in shoet
¢ 1/4 0.085 1300 g8 156 Tip lus 1/%2 .| 93 —
: in. rod Pfused;- | :
1/2 in. crator
n gheed

Yovo: Tho polerity of tho 1ol or wiro o the First halfcyclo
y D, ¥, and nogative o2 sr=ples I ard X,

¥

is positivo for-the tests oo samples
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There appears to be a falrly constant value of coulombs
per cublc millimeter of gluminum fused in the range of test
conditions illustrated by the data for samples F and 1I.
The range of the value in question was from 0.28 to 0.33 un-~
der these conditions.

Short-Time, High-Current Tests

These tests, similar in arrangéments to those outlined
above, involved a high-current impulse instead of 60-cycle
current. Typiecal results of these teets are indicated by the
following data:

Sample S 18: 1/4-inch dlameter copper rod; 0,035 inch
aluminum sheet; crest current = 17,000 amperes; dura-
tlon of arc = 00,0045 second; charge = 23 coulombs;
fusion effecte: rod fused 0.195 inch, Tip of rod
blasted. 1/4 inch crater fused on sheét and splashed. ont .

Sample H.S8.: 1/4-inck diameter ocopper rod; 0,035-1nch
eluminum sheet; crest current = 125,000 amperes; du-
ration of arc = 0.0004 second; charge = 15 coulombs;
fusion effectey rod blistered heavily at tip, no
concentration. of fusion. Discharge "‘biasted up rod
1.5 inch. PFusion on sheet concentrated in 5/8-inch
diameter (core of current discharge), to estimated
depth of 0.005 to 0.010 inch. Metal fused approxi-
mately 25 to 50 oubic millimeters. Fused metal in
7/8-inch cusp form extending from core indicatsd
molten metal was sucked up during discharge and de-~ .
posited back on sgheetb. Shegth of dlscharge blasted
out several inches from.core.

It will be noted that the "burning“ 8ffect produced on
metals by the high current component of lightaing gtrokea.is
- confined to a thin top layer at the surface of ‘the metal,

The duration of the initiael high current 'in lightning dis-
charges 1s relatively short, not more than 200 millionths of
a second. For such currents, the average current density at
the metal surface 1n contact with the arc is from 300 to
1000 amperes, depending pomewhat on the metal and the polar-
i1ty. Therefore t.e surface of metals 1s merely marked or
blistered by the high current.
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3, PURDUZ UNIVERSITY TESTS ON WINDSHIELDS UNDER

SPONSORSHIP OF UNITED AIR LINES

The United Air Lines made arrangements under which the
Engineering Division, Engineering Experiment Station, of
Purdue Univergity conducted experiments of glass breakage by
ad jacent lightning discharges. Of tests made on two 8- by
10~inch samples of "Aerolite" Eafety Glass 0.142 inch and
0.148 inch in thickneass mounted rigidly in a heavy wooden
frame, it was found that the rear glass fractured with a
single fracture in one case, and with cracks in the octher-
cese. In both of these teets a heavy surge of current was
caused to flow through an 8%-inech length of No. 32 copper
wire placed in contact with the front surface of the glass.
The short circult -current of the generator was 65,000 amperes,.
The initial dischargs vaporized the wire and supplied an
toniged path for the remaining diescharge 'along the surface of
the glass.. The fractures {(on the side away from the arc) were
parallel to the wire and seesmed to be the result of concussion
due to the pressure and expansion assoclated with the arc,
Evidence was alao obtained that the concuesion is sufficiently
sudden 40 make poeslible traveling waves in the glass, although
the effect of these is largely determined by the method of
mounting and the size of the sample,

"These teste are not wholly conclusive inesmuch as the
thickness of the glass which formed the working samples was
not so great as that of normal aircraft windshield glass,

In addition, the possible effect of aerodynamically produced
pressure differences between the two facee of the glass was
not taken into account, although it 1s understood that the
differences in the case of'a typicel tranasport airplane are
relatively small (for the Douglas Dc 3 they are of the order
of 1 psi)

4. GENERAL ELECTRIC COMPANY TESTS ON WINDSHIELDS

Tests were oonducted at the High Voltage laboratories of
the General Electric Company at Pittefleld, Haas.. under the
directién of Dr, K. B. McEachron. |

The Douglas Alreraft Company kindly cooperated by supply-
ing a cockpit assembly, complete with windshield, for the ax-
reriments. A high potential electrical discharge was induced
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between the gaps of electrodes in the vicinity of double
strength window glass. The preliminary estimates of the po-
tentlial difference involved acroess the gaps were in the
neighborhood of 150,000 volts. (With regard to the current
strength used in these tests, the minimum number of killo-
amperes requlired %o crack 1/4—1nch thick safety glass was of
the order of magnitude of 80, but the glass d4id not break
through in these cases. The maximum crest current used in an
oscillatory arc with 21 microsecond periocd was 235,000 amperes
in one case.) An inspection of the sample glass after the
discharge rendsred i1t unsuitadle for further use, The surface
of the glases exposed to the electrical discharge had taken on
e sand-blast appearance. This condition was conflned to a
surface layer perhaps one to two thousandths of an inch in
thickness. Over some portions of this exposed surface a thin
film of glass epproximately three to four thousandths of an
inch in thickness had been completely lifted from the main
body of the material, Both the sand-blasted and the thin
g€lass film had a clear appearance rather than a white fused
appearance as 2ight be expected from an application of high
heat to glaess materisl.

4 pecond test was made using shatterproof glass 1/4 inch
thick. After these were subjected toc ssveral electrical dis-
charges, it was found that they were considerably cracked in
a small, weblike pattern, mlthough the glass held together.
Each discharge distorted the glass pane in a cup-shaped manner
extruded to the extent of roughly 1/8 inch at its center por-
tion.

A third test was made by inducing 2 high potential dis-
charge in the vicinity of a movable front sliding section
taken from a Douglas DC-3 cockpit windshield enclosure, The
dlscharge caused a failure slmilar to that of the speclimens of
gshatterproof glass mentioned under the second test. The glass
pans taken from the D0~3 windshield had been left in the
metal frame and rudbber U-.channel in accordance with standard
specifications for the part. After the discharge, the frame
was found somewhat distorted and blown open slightly at the
point of entry of the discharge.

A fourth test was undertaken by making the DC-3 wind-
shield enclosure part of the electricecal circuit and passing
8 discharge over the outer face of one of the front fixed
glass panes of the assembly, This produced a blistered sur-
face to the glass material without any appearance of cracks
in its lamination, Another electrical discharge was made %o
pass across the lnner surface of the windshield pane just
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!

referred to in the close proximity of the path of the pre-
vious discharge. THis produced a sand-blasted appearance
without any eracked laminations of glass.

Under the conditions of the experiments, the laminated
shatterproof glasgs wae not shattered (as by'an explesion),
inasmuch as the lamination binder material stil) retained a
considerable adhesive and reinforced quality to the broken
laminations which made up the complete glass pane. The ef-
fect of repeated discharges of high potential resulted in a
condition similar to erosion of the gurface at the immediate
vicinity of the discharge channel. -

, Of course, ‘the limitations of potential and charge in
the laboratory place restrictions on the extent to which the
results of the tests ¢an be applied to natursl lightning in
the most severe form that might be encountered by an airplane,
Fortunately, evidence to date leads to the conclusion that

the current density in lightning channele of return strokes
from ground to cloud is ordinarily less at high levels-than
near the ground.
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DATE, TEMPERATURE, AND ALTITUDE ON OCCASIONS OF DISRUPTIVE DISCHARGES

TO AIRCRAFT (ACCORDINGITO NACA QUESTIONNAIRES TO END OF 1944)

. Height
Date Temperaturea Altimeter above
ground
(°F) (£t} (£¢)

07XX22 -~ 6,000 3,500
032535 28 14,000 13,400
040435 -5 18,000 16,700
060235 40 11,000 10,200
060135 36 10,000 9,000
092235 ——— 15,600 14,000
102735 40 6,000 5,000
110235 25 12,500 11,800
1019386 —-—— 11,000 ]| eeee-
Q32437 -—— 7,000 6,000
040237 35-40 4,000 3,300
093037 356 11,000 i 5,000
011738 ——— 7,000-7,500 | = 06ceee-
030838 34 8,000 2,000
0311384 29 3,600 . | eemea
0311388B 28 3,000 2,000
032238 28 9,000 8,000
3032638 10 132,000 9,580
0329384 30 10,500 8,000
041338 35 approx. 7,000 6,400
050238 34 11,0006 | eeee-
051638 33 7,000 6,000
051738 -—— 6,000 . | aeee-
061138 -—— 15,000 - | ceeo-
061838 —-——— 11,000 11,000
%072338 —— 10,000 10,000
0931384 28 9,000 8,000
092138B 28-31 8,000 I ceee-
092638 40 approx. 10,000 9,000
100238 25 _ 12,000 7,000
102638 28 8,000 7,000
110138 10 15,000 13,000
120238 31.-34 7,000 6,300
010539 - 4,000 3,800
032133 32 11,000 4, 200

See footnotes at end of table.
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Height
Date? Temperature® Altimeter above
o ground
('F) (£t) (£t)
04133¢ 30 aprrox. 8,000 7.100
04303324 10 10,000 8,500
0430398 30 6,500 4,600
0723739 82 800 300
081239 50 6,000 2,500
082639 - 60 10,860 | eeea-
101939 35 11,5C0 12,000
10213¢9 60 4,000 2,000
102739 .36 approx. 6,000 3,000
‘L10739 .24 7,000 6,200
1" 032040 .38 4,000 4,000
" .031840 - 34 -+6,000 5,000
4 0323404 35 8,000 5,500
-:032540 .28 9,300 7,300
41+ 040340 o 11,000 | eeee-
042640 30 7,000 6,500
" 043040 .30 11,000 10,000
050140 .34 9,000 8,000
051940 a2 11,000 6,000
- 052540 32 8,000 7,400
- 052640 .60 6,000 4,500
|- 052840 .84 _ 12,000 11,400
- 053140 35-40 approx. 11,000 9,200
060440 32 11,000 5,000
" 081840 36 11,000 10,000
062040 .28 6,000 4,500
0625404 . 30 8,000 7,200
|- 0625403 - 33 8,000 6,700
- 062640 28 9,000 7,200
- 083140 3241 10,000 approx.|  ~ew--
0915640 34 11,000 10,600
92240 21 18,000 | aeeaa
] 3092940A 50 2,000 9,000
.©0929403B 26 8,300 ] meeea
| 102640 —— 6,000 5,800-.6,000
110240 37 6,000 4,500
110440 .32 7,000 3,800
. 1105404 - 48 8,000 €,600
= 1105408 37 9,000 - 7,700
= 111840 34 8,000 4,000
10,000 4,000

See footwmotes at end ‘of table.
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J BHeight
Datel Temperature? Altimeter above

graund

(°r) (£%) (£t)

© 011641 56 10,000 3,000
030241 15 12,000 7,000
031641 22 6,000 5, 000
032341 19 12,000 5,500
032641 28 7,500 2,000
032841 35 7,600 7,500
03%041 26 9,000 9,000
040141 32 10,600 3,000
0409414 28 9,000 8,800
04024138 24 11,000 6,000
041041 33 8,000 7,100
041141 25 14,000 14,000
041441 28 7.700 6,200
0415414 18 12,000 5,000
0415418 33 3,000 2,750
041641 33 3,500. 3,000
050141 31 8,G00 7,000
051741 32 7,700 6,600
052641 23 11,000 6, 700
080441 27 13,000 4,000
0615414A 32 11,000 10,000
0615413 34 11,000 9,000
061541C 68 1,200 200
061641 34 7,000 6,400
061741 20 15,000 14,000
070341 33 10,000 9,000
070641 54 11,000 6,000
080441 59 8,000 8,000
081041 32 13,000 11,000
081141 - 14,000 13,000
082441 28 14,000 7,000
090141 €8 7,000 7,000
091841 36 14,200 14,200
101041 31 5,000 3,700
101541 32 13,000 13,000
112641 39 8,000 8,000
120241 30-32 9,500 | emee-
012742 31 9,000 8,000
020442 33 2,000 8,000
022442 28 7,000 6,850
031142 34 6,000 4,000

See footnotes at end of table.
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Helght

Datel Temperature? Altizeter above
ground

(°r) (ft) (£t)
042042 28 11,000 7,000
050642 32 9,000 e,GC00
110942 40 8,000 7,400
120542 30 11,500 7,600
121842 30 10,000 6,300
012343 32 7,000 6,000
020443 31 7,500 . 6,300
020843 28 3,500 3,500
022643 25 4,000 4,000
032743 30 11,000 8,500
040743 32 11,000 9,500
040843 - —w———— | eee———-
040043 34 6,000 6,000
041543 85 5,000 3,600
0428434 35 5,000 4,500
04284338 32 5,600 5,000
051543 36 9,000 4,000
060643 76 6,000 6,000
091043 31 g,000 8,200
092543 32 6,000 5,500
101543 35 11,000 7,500
102043 32-35 8,000 4,000
110243 30 6,060 5,650
1213843 28 9,000 ‘ 6,500
010244 28 6,000 6,000
022244 32 14,000 13,000
022544 32 9,500 9,500
030244 32 8,000 5,800
032144 32 9,000 6,000
040444 20 6,000 6,000
041344 29 8,000 6,500
041444 - 4,000 3,300
042244 40 8,000 5,000
050144 32 6,000 6,000
050544 33 4,500 4,200
050744 &2 10,000 . 3,700
052644’ 32 13,000 5,000
063144 31 9,000 9., 000
062044 33 9,000 6,000
062144 30 10,000 6,000
062344 42 13,000 10,500
062444 32 .12,000 5,000

See footnotes at end of table.
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Height

above
Date® Temperature® dlsimeter ground

(°F) , (£t) (£¢)

062644 - " 33 13,000 8,500
070344 L — ' ——
080544 .78 690 0 (gn greund)
081744 40 13,500 13,600
090444 D - 2,000 500
090744 59 9,600 9,000
092344 - 34 16,000 7,000
101144 | 48 8,000 8,000
112644. . . —

10ode for dates: First two figures represent menth
(01 - Jan,, 02 — Feb,, etc,, 12 — Dec,). Second twe figures
represent day of month (0l — firet day, 10 — tenth day, eto.,
XX — unknown),” Last two flgures represent year in 20th cen—
tury (22 — 1922, 35 — 1985, etc.), When there are twvo or more
cases on the same day, the gne of earliest time is designated
by the letter A, the next in order of time by B, ete,

2Temperatures were not corrected foi airspeed,

®Southern Hemisphere.

L
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FREQUENGY DTSTRIBUTION OF TEFPEBATURE-ON THE OGCCASIONS OF

frur o wn e

|
l

DISRUPTIVE DISGHARGES TO AIRCRAFT FOR THE PERIOD

MARCH 1935'T§§0U5H'DhGEMBER 1944

Ve

Number

Temperature Number Temperature Temperature ' | Number
: (°F) of.cases ¢ 3) of cases (°%) of cases
| -5 1. . B4 11 | 28.31 1
! ‘1o -3 : ssa 6 30-32 T
: 15 1 .88 - 4 3134 1
: 18 1 R - if SRS .2 . |382~3B6 - 1
- 1 38 3 32~41 1

20, 2 LB "1 | 36-40 1

L, el A 40 . 5.1 30 approx 1
.., R3. -1 42 1 |35 approx._ 1

o 23 ST TR .48 2 36 approx. o1
.“£.5“24 3 R - 1 T - 40 approx, 1
g @B 4 T -7- 1. 1 35~40 approx. 1

26 ... {, -2 i B& o -1 tUnkdown - 18

27 1 59 a

28 l'& S PR T 60‘ " 3 . o

29 2 68 2

30 10 76 ot

31 7 78 1l

32 23 82 1

33 10 856 1

iWhen a range 1s indicated,

the report on the case in
guestion gave for the temperature not a single figure but the
specified range within which the temperature must have occurred.

f0ccurred while aireraft was on the ground.

Fote!

Terperatures were not corrected for airspeed.
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APPENDIX V -

ESSENTIAL ﬁETEOROLOGIGAL PEOCESSES

Certain meteorolegical processes or combinations of pro-
cesses glmost .Invariably are required for the development ef
the clouds, thunderstorms, and precipitation in connection
with which-'electrical discharges to aircraft have been. exper-
lenced., Generally speaking, these processes act in the fol~
lowing way: Relatively varm, moist air ascends by convection
or ies caused to be 1ifted in some fashion until at some-level
condensation 6f water vapor beglns and clouds start te form;
the saturated air then either undergoes convectlion or other-
wise 15 1ifted (as a cloud) to or above the.level at- which
freezing of liquid water oceurs and ice crystals, snow, and
so forth, form. Ultimately, théreéfore, the end result is.a
cloud conslsting of liquid-water droplets in 1tse lower por-
tion-and ice crystals, snow, Or some other férm of frozen
precipitation in its upper nortion.

A comprehension of 'the processes” of atmospheric econvec-
tion and lifting are essential to a full understanding of
this study. (See appendix I.)’

First, in regard to convection: Gonvection depends on
the buoyancy of parcels of alr which ascend because they are
warmer, hence less dense (i.6., "lighter"), than the surround-
ing air, which sinks because of its greater density. Convec-
tion is therefore an overturning process in atmospheric lay-
ers, OConvection occurs when 'air layers are unstable, that is,
have & greater than dry-adisbatic lapse rate under unsaturated
conditions, and & greater than wet-adiabatic (or pseuvdoadia-
batic) lepse rate under saturated conditions.. {(Lapse rate is
the rate of decrease of temperature withk height; The dry-
adiabatic lapse rate is 0.55° F per 100 ft, and the wet-adia-
batic lapse rate averages roughly 0.33° F per 100 ft.) Air
layers may be caused to becoms unsteble for unsaturated con-—
ditions by any of the processes indicated in the outline bslow
under items I, II, and III, Air layers may be caused to be~
come unstable for saturated conditlions by any or all of the
processes indicated in the outline below. Convectioen of par-
cels of air unsaturated with water vapor causes cooling of the
alr bv adiabatic expansion. When the convection proceeds to
such a height that the air is coocled to the dew point of the
vapor, condensation occurs and clouds are produiced, Convec-
tion of saturated alr is essentidl for the formation of cumu-
liform clouds. These clouds are not of the cumulo-nimbus
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subelass until ice erystale ‘or snow are formed at their tops.
Falling of the crystals or snow through the liquid water
cloud below produces rain in showers.

Second, in regard to lifting: ILifting depends on the
forcible ascent of layers of alr more or less as a body
through the wedge asction of fronts, mountain .zlopesr, and so
fiorth, or through the "squeezing" actlon.of horlzontal coun-
vergence. The varilous more important modes of 1ifting found
by meteorological science are outlined below under 1tems IV,
VI, and VII, Sufficient 1lifting of unsaturated alir may .lead
t 0 condensation of water vapor and.cloud formation by adla-
batie cooling as explained under Convection. Unhindered
1lifting and horizontal convergence cause vertical stretching
of alr layers. When the layers are unsaturated and abso-
lutely stable (1.e., have a lapse rate less than the wet-
adiabatle, thus being stadble for saturated air), the vertical
stret'ching cools the top faster than the bottom by adiabatic
expansion, thereby increasing the lapse rate, In this manner
1t is possible to achieve conditional instability (i.e,, &
state where the sectual lapse rate exceeds the wbt-adiabatic
value, but is less than the dry-adiabatic value). A condi-
tionally unstable layer ig unstable when the air becomes
saturated. Overturning by convection of saturated air within
the layer, and the development of cumnliform clouds can re-
sult under these circumstances. The sufficlently sustained
action of lifting and horlzontal convergence on air layers
jthat are convectively unstable and also initially absolutely
stable can bring the layers to a state of conditlional insta-
bility with saturation prevailing in their lower portion.
This final slituation ie actuwally unstable and leads to over-
turning, convection currents, and cumuliform clouds., On the
other hand, when clouds form:in absolutely stable ailr, they
tend to lie in layers (stratiform) and are not eo likely to
vield an electrical discharge to an aircraft, (An exception
might oceur when condensation is in the form of snow, and
turbulence exlsts by passage over roéugh terrain.)

In every case convection and lifting cepend on the ac-
tion of certain processes upon air masses of suitable charac-
teristics, described in section 10, (By "air nass' 1s meant

an extensive body of air within.which the conditions of tem-
perature and molsture in a horizontal ‘plane are essentially
uniform.)

The processes'which produce .instability and hence lead
to the.convectivé activity necessary for cumuliform.cloud
and thunderstorm development are,ocutlined nder Heating of -
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an Alr Mass from Below, each process being capable of giving
rise, more or less, to its own type of thunderstorm.

In practically every variety of thunderstorm an impor-
tant phenomenon connected with propagation of the storm is
cooling of the alr by cold rain or cther precipitation that
fallg from high levels into the region below the leading por-
tion of the ecumulo-~nimbus cloud base. The cooling effect re-
sults largely from evaporation of the cold rain in the unsat-
urated air beneath the forward part of the cleud. The cool-
ing causes the air to increase markedly in density, which
produces rapid sinking. When the resultant cold air reaches
the ground it runs ahead of the cloud, advancing against the
warmer, moist air in the direction of the sgtorm motion like
a ministure cold front. (See IV, 1, below.) This front ex-
erts a lifting action analogous to that of a shovel, thereby
producing further convection and condensation in the line of
advance of the storm, and aiding in lts propagation,

I. HEATING OF AN ATR MASS FROM BELOVW

1. By contact with sun-~warmed ground, where the alr mass i3
characteristically warm and moist, but the ground lo-
cally hotter because of its excellent absorptive qual-
itlies for solar radiation

(This is responsible for the "local convective! or
"heat" type of thunderstorm, which is very common in the
summer, Storms of this kind occur more or less in isolated
fagshion and cen resdily be circumnavigated. Light winds ars
more conducive than moderate or strong winds to this type of
thunderstorm, since excessive shearing in the vertical ham-
pers Yehimney-~like" vertical convection, which is egsential
for the development of these thunderstorms. The same 1s true
of thunderstorms of the type outlined in the next paragraph.)

2. By contact with a surface warmer than the air maés which
is characteristically cold relative to the surfacse,
generally being of polar erigin

(This is usually responsible for thunderstorms in cold
alr masses rapidly invading & considerably warmer, often
moist region.) - - -



100 _ _ NACA TN ¥Ho. 1001

II, COOLING AT TOP OF AN AIR LAYER

-~

1. By outgoing radiation from the top of a desp, moist layer
of air overlain by a deep, relatively dry layer, the
latter allowling radiation to pass readily to space

(This is a possible cause of nighttime thunderstorms
sometimee observed at high levels over the Plains stateer.
The top of a clound layer:i1s.a good radiator and loses consld.-
erable heat when dry . alr is above. The moist ailr mass muet
-generally be at least 10,000 to 12,000 feet deep for thunder-
storms to develop in tbis ‘manner. )

2. By evaporation of rain or melting and evaporation of snow
falling into the top of an unsaturaeted 1ayer4

(This has a bearing on the -propagation of prefrontal
thundersterms, on the growth of various types of thunder-
storms, in addlition to cumulo-nimbus and fracto-cumulusg
clouds, and also on the development of tornadoeg. The evap-
oration at the top of the layer causes coocling which steepens
the lapse rate %o a point where instability results. Convec-
tion then occurs. When exceedingly steep lapse rates are
thus formed, convection tecomes extremely vigorous and torna-
does may be created. Convective instability 1s a prerecquisite
in these casgeés. ? .

III. ADVECTION OF WARMER AIR IN LOWER PORTION AND/OR COLDER

. AIR IN UPPER PORTION OF A LAYER.

1. By advection o;?o#efrunning of potentially cold air over
potentially warmer . .ailr

{This oceurs to & certaln extent at rapldly advanc-
~Ing cold fronts, alao called squall }ines. Such actual
overrunning probably does not extend beyond five miles or
80, 1in the form of an overhangling wedge of potentially

cold air whlich entrape potentially warmer air beneath.
Overrunning may also occur for & brief time in leeward val-
leys containing stagnant warm air, when & cold front under
the impetus of a steep pressure gradient arrives at the
creat of the ridge &and abruptly bursts out over the valley.
Violent and dangerous thunderstorms and convection currents
result from overrunning. The foregolng depicts some extreme
forms of overrunning of potentially colder air over poten-
tielly warmer air, Less extreme cases are observed more
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conmonly as a result ef advection of a stratum of air under
¢ircumstances such that differential changes occur in ‘the
virtual potential temveraturs of the lower and upper portions
of the air, usually with cooling aloft and/or warming below,
leading eventuelly to the development of a condition unstabdble
for unsaturated air. At least two writers on the subject
have shown that such advective changes may explain the incep-
tion of nocturnal thundersterms in the midwestern states,
(See references 18 and 19.,) It is probable that somstimes
the advective changes represent the intercalation of mo-—
‘tentially cooler and/or warmer strata of air between other

. .strata by flow which may be characterized more or less as
igeéentropie. The advection of humid air in the lower portion
and dryer alr in the upper portion of the advancing stratum
also tends toward the development of an unstable condition,
Such modifications may 2lso give rise to convective instabil.
ity, so that lifting of the air mass by any process (e,g., bY
action of fronts, topographic slopes or horigontal convergence
in the underlying stratum) may release the instability. The
occurrence of horizontal convergence in an unsaturated stabls
-advective layer augments the. lapse rate and prepares the way

- for eventual development of instability for unsaturated air
within that layer by the differentisl changes outlined above.

In the neighborhood of mouptains or plateaus, marked
upper-air temperasture changes may result from advection fol-
lowing insolational heating or radiational cooling of the air
in contact with the high groeund, and the liberation of latent

.heat of condensation pessibly due to orggraphic 1ifting, The
insolational heating results in steep lapse rates and strong
convectional activity which mayv be transported to- leeward by
the’ winds ) (See reference 18. .

2. By“advection or underrunning of potentially warm alr be-

neath potentially colder air

(This ie probably effective in connection with the de-
velopment of prefrontal and some other type thunderstorms,
(See V.) It can operate if in some manner the lower alr is.
caused to become potentially warmer than the upper =zir imme-
diately to the windward. The latter result can be broeught
about by release of latent heat of condensation within satu-
rated convection currents initiated at low levels or by other
means o6f heating below as 1llustrated under I, Underrunning
or shearing of the lower alr beneath the potentially coldsr
alir ahead can take place as & result of the convergence and
other effects stemming from the abrupt intrusion of =& rapldly
moving celd front into a warm air mass, -
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The shearing process is perhaps most likely to occur in
warm air masses or warm sectors of cyclones ahead of such
fronts. The underrunning 1s believed to be most effective
for producing eventual instability aloft when: (a) a body
of warm alr flowe from a warm toward a colder reglon so far
as concerns the temperatures at the levels occupied by the’
given air, provided the lower boundary of the mass is not in
contact with the ground; (b) a cyclonic curvature is imparted
to the motion of the warm air as the cold front moves closer
to the course being pursued dy that alr; and (c¢) the horizon-
tal temperature gradient (in the metsorological.sense, i.e.;
from high to low temperature) immediestely above the upper
portion of the werm alr maess hae approximately the same di-
rection as the motion of that mass 1n the reglon where 1t
experlences the stated curvature ~ that 1s, the warm air
moves s0 that its upper reaches progress from warmer toward
colder conditions aloft. The cyeclonic curvature results from
the convergence and the change in curl of.the local pressure
field which occur in connection with the portion of the
trough immediately ahead of the advancing cold front. Thus,
prefrontal currente may be caused to become unstable aloft at
poseibly 8,000 %o 12,000 feet elevation as 1s often manifested
by the development of alto-cumulus-~castellatus clouds. These
generally result from convection not origlnating at the sur-
face. The liberation of latent heat of condensation makes
the cloud level warmer than the overlying air in the active
stage of cloud development so that the lapse rate may be mede
steeper as the underrunning progressee more or less along the
upper temperature gradient.

"NOTE: In thie discussion it should be understood that
the purely thermodynamic criterion of inetability of unsatu-
rated air 1s the decrease of virtual potential temperature

with altitude.)

IV. FRONTAL LIFTING OF A RELATIVELY WARM, MOIST AIR MASS

1. By cold-front actlon

(This depends on the lifting action of a wedgse of rela—
tively cold, dense air when in moving along the surface it -
thrusts under a warmer, lighter air mass and tends to spread
out beneath the latter, thue raising it off the surface.

Rapidly moving cqld fronte are equivalent to squall lines, .
with which line-squall thunderstorms are associated. OCold-
front thunderstorms can be very intense, especially when the
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warm air mass is very molst and conditionally unstable.

Steep cold fronts which result from rapid motion of the cold
air mass over rough ground are likely %o yield violent thun-
derstorus and cumulo~nimbus clouds with powerful convective
currents over a relatively narrow zone. When the cold~-front
surface of discontinuity slopes only gradually upward, the
thunderstorms and cloude may be sepread out over a wide zone.
The moisture contént, condensation level, and degree, extent,
and character of Instability in the warm air mass are con-
trolling factors in regard to the vertical development of the
clouds and width of the zone involved, Item I, 2 4is also
importent in connection with thie matter, when penetrative
convection from beneath the cold~front surface of discontin-
uity occurs.) :

2. By warm—-front action.

(This is effective when a relatively warm, molst air
mass which 1s conditionally unstable or is convectively un-
stable and becomes conditionally unstable by lifting, actively
flows up the slope of a warm-front surface - that is, the
surface of discontinuity between an underlylng wedge of cold,
dense air and warmer, lighter air aloft that 1s pursuing and
overtaking the former. Oumulo-nimbus clouds and thunderstorms
produced by this mechaniem can be spread out over a wide zonse.)

3. By occluded~ or upper-~front action

(¥hen a celd front at the leading edge of an advancing
wedge of cold air overtakes & warm front ahead of which is
another wedge of cold air sloping in the other direction, the
denser (colder) of the two begins to 11ft the other upward.
The warm air previously between the surface fronts is lifted
off the ground and is entrapped in a trough bstween the two
wedges. An upper front, either of the cold-front or warm-
front type is produced in this way, giving rise to the warm-
front or cold-~front type of ccclusion, 4n upper front may
thus move along the sloping surface of the denser wedge, or
along a horizontal upper boundary of & shallow underlyling
cold, dense mase of peolar alr., The latter variety of upper
front 1s not infrequently observed over the sastern slopes
of the Rockies and ad jeining plaine region when the less—cold
air crosses from the Pacific side and overrides the shallow,
dense layer which came from the north or northeast. Upper
cold-front action is essentially similar tc surface cold-
front action. High-level cumuliform clouds and thunderstorms
often derive their energy from the release of conditional in-
stability possessed by the warm air mass being lifted in the
occlusion trough aloft, Tornadoes commonly develop along an
upper—cold front advancing against a convectively unstable, warnm,
moist air mass aloft, moving relative to the colder air so that
intance cvelonic vorticity 1s generated between them.)

s
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i

4. By 1ifting actlion- along a eta*ionary (or quasi stationary;
front

(Even if the front of & cold, dense alr-mass wedlge is
stationary or apparedtly stationary, Lifting of a warm, molst
air mass can take place 8o long as the latter has "such 'a
motion relative to the fron% that It will ascend the frontal
slope of the wedge. When the warm air uass is churacterized
by instabilitytduring the agcent and condensation occurs.
cumuliform clouds snd poesibly thunderstorms may develop
These may cover a wide area and persiast for some ‘time as long
as e supply of warm, molet air 1s foreced to glide up the

slope.)

V. PREFRONTAL OR PRXCOLD.FEONT ACTION

(Prefrontal thunderstorms mnay. run shead of the’ surface o
cold front in the warm ssctor by distances sometimesn ranging 3
from several miles up to 80 milas or, perhapa,'as much ag '
200 milee., Prefrontal thunderstorms may occur at all hours
of the day or night but appear to be most’ frequent in the
late afternoen or early evening, when sharpening, and accel-
eration of the cold front is pronouncod. They apparently
are due to & combination of causes, notably horizontal con- .
vergence (see VII}, upderrunning of potentially warm air bo—j
neath potentially colder air (sea 11z, 2), evaporation of
raln falllng into top-of an unsaturated la"er (aee I ) 2, .
and heating of an air mass below by contact with eun warmed .
ground. (See I, 1,) Lifting and increased cpnditional in-
stability due to convergence sets off ccndensation and pro-,
duces strongly conveetive cumulo- nimbus plouds ahead of thé
cold front 4in the conditionallv unstable warm,_moist alr
mass eagalnst which the cold front 1s’ rapid]y advancing Ae
explained 4n III, 2,° underrunning is an important contribut-
ing factor since it leads to continuous generation of inata-
bility at the top of the saturated ocnvecticn current ae it
is carried horizontaelly by the winde at lower ‘evels and prop-
agates the convection to high levels. ‘Arfter’ the precipitation
from the cumulo-nimbus eclouds becomes heavv. the air cooled by
evaporation sinke becauss of increased danaity and runs ahead
along the surface as & prccurﬂory ‘cold - front This eferta 1ts
own lifting action and can itnitiate- ctber cumuliform clouds
or augment the convective activ*ty of thé eristing clouds.
Such local convection as is present in"the warm air mass as-
sists in the growth of ths cumuYosnimbus"” ‘eloude and thuﬁder~'
storms by contributing energy and allowling’ additional watcr';
vaper to be tapped from the lower strata. If Fhe higher 1254 A0

1Conditional. instability.

2The cooling 1s especially pronrunced end frcntal ectiecn
nore energetic gnd extensive if the air is convectively unstabdle.




¥aCa TN No, 1001 . 105

1s very dry, radiational cooling at the top of the saturated
cumiliform clouds can create fresh instadility at night and

give an added impetus which leads to further vertical growth
rather than dissipation of the clouds.

A line of thunderstorms may thus be brought into being
far in advance of the surface cold front. The attendant
rain showers, orlglnating near the freezing level, ars often
particularly heavy and descend in Y"gushes" when the sustain-
ing convective currents and electrical forces fail. A4As the
cold rain falls out of the cloud, evaporative cooling at the
top of the lower stratum of unsaturated air increases the
lapse rate and with 1t the instability. Convection is there-~
by Intensified, The great contrasts between the resultant
updrafts and downdrafts create regions of violent turbulence
which are very hazardous to aircraft. Where the downdrafts
strike the surface very gusty winds accompanied by heavy
showers are experienced, in the characteristic fashion of
line squalls. Sometimes hail and occasionally tornadoss oc-
cur in conjunction with prefrontal thunderstorms, The most
dangerous conditions may therefore be encountered under the
stated circumstances. See IV, 3, regarding tornadoes.)

YI. OROGRAPHIC LIFTING

(This 1e due to the lifting action of upward-sloping
terrain, as mountains, hille, and coastal slopes. Orographic
lifting therefore is only largely effective on the windward
side of & barrier. When the wind velocity component perpen-
dicular to the mountain ridge is strongest, the most severe
conditions are likely to develop, other things being equal.
Cumuliform clouds arnd thunderstorms resdlily form when the
alr meses being lifted is warm, molst, and conditionally un-
stable. They may also develop when the air mass is convec-
tively unstable and the lifting is eufficient to release the
instability. When cold-front action and orographic 1lifting
operate simultaneously, the thunderstorms produced are likely
to be of greater intensity than if either agency alone had
acted. COumulo-nimbus clouds which originate orographically
are usually characterized by strong turbulence. Windward
slopes exposed to strong sunshine and thereby warmed are con-
ducive to the growth of such clouds by virtue of a chimney-
convection effect. Heavy icing conditions are often exper-
ienced in the sub-freeging temperature region of cumulo-nimbus
and other clouds, especially where turbulence is strong as in
the circumstances described above. Powerful downdrafts on the
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leeward side of mouhtains often intrqduce additioual hagards
to be avaided_) . o :

1-9‘).'.'4'7 —_

— i -, P - am % vt w0

ViI, HORIZQHTAL EOKVERGENCE

e
- P

(This is &ue to a distribution of winda witnin a given
region such’ that- there 1s & net inflow of air intp 1t. When
the inflow is near” the surface. thie causes verticel lifting
of ‘the superposed air layer.’ The lattef layer suffers a var-
tical stretch by . this upward motion if higher layers do not
prevent that by exceqaive rasistance, and partaeke of the mo-
tion. Alp lavera increase.thelr lapee rate by vertical
stretching when the lapse rate. le initially less than the dry
adiabatic.' Qonsequently. absolutely stable alr layers may be-
core. conditionally ungtable oy this process, or already-.con-
ditionally’ unstable layers may be made more. unetable thereby.
A similar effect ig producei withyn layers themse}ves sul- -
Jected to horizontal convergence. The adiabatic cooliuwg which
vertical - stretching inducea at the top ‘of .a -layer undergoing
convergence or bheing 14fted also results in condensation of
water vapor and cloud formation, A convectlvely unstable
layer which 18 vertically. stretched or lifted by horizontal
convergence mnay be imnelled to release its potential conveo-
tive energy through overturaning, provided the stretching or
lifting 18 sufficient. Horizontal convergence. therefore 18 a
notent factor for modifying the condition. of atmosoheric lay--
ers s80'that they mat becqme more favorably disnosed to inter~
nal convection: and the deVelopment gf cunvliform cloude and
thundserstorms.” Horizontal gonvergence, whether or not acting
in cooperation with'any of the other atmospbaric processes
previocusly mentidned is capable of producing cusuliform-clouds
and thundeérstorms -in: air hagzes. ﬂhen the .cooperation takes
place, the likelihood of thunderstorm formation 1s greatly in-
creased TomE . _

P UM -
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.-
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7t ADDITIONAT FUNGAMANTAL OONsIDERATIONS .

e mee T . e L [ -
- Ce e e

A discussion of the eeﬂential mateorological .proceeses
involved in the development of thunigrstorms would not He -°-
complete withouwt at’ lemst a. qualitative consideration of ‘gome
deductions from theory‘l regarding the thermodynamics nnd dy-
nemics of cufiilo~ nimhus qlouds. The qualitative considere-
tion follows._n;‘“ AT I L - T

l1Based largely on the studies outlined in the author's
paper (reference 20), to which are added some conclusions
from his succeeding investigations.
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VIII. EVAPORATIVE AND RADIATIVE PROCESSES

(First, consider certain phenomena involved in the ver-
tical development of cumulius and curulo-nimbus clouds, egpe~
clally at and near their upper and side exterior surfaces.

The immediate environment of an actively growing cumuli-
form cloud must be conditionally unstadble., During the grow-
ing stage of a column of saturated alr undergoing penetrative
convection, such as is found in a cumulus-congestus cloud,
latent heat of condensation is liberated within the ascending
air as water vapor condenses to form water droplets. Just
within the summit of such an actively rising column, which
usually assumes a cauliflower-like. shape, the heat thus re-
leased causges the saturated air to be warmer than the overly-
ing air. Moreover, the air within the upper portion of the
cloud dome contains relatively warm cloud droplets and has a
greater absolute vapor content per unit volume than the un-
saturateéd environment. Accordingly, vapor diffuses and is
transported by turbulent eddies from the head and sides of
the ascending column into the surrounding, less-moist air.
Since this reduces the relative humidity in the spaces imme~
dlately surrounding the cloud particles, the water droplets
evaporate to some extent near the outer surface of the con-
vective column. This process requires latent heat of evapo-
ration (nearly 600 calories per gram at 0° 0), which is ab-
sorbed from the droplets and the sir in intimate contact with
them. The evaporation ecan proceed until the immediate envi-
renment of the ecolumn becomes saturated with water vapor, a
etate which serves to limit the phenomenon.

From the above considerations, it follows that in the
absence of direct solar heating the outermost "skin" of sat-
urated air at the crest and often, too, around the side walls
of the ascending current becomes cooled. Inmportant factors
controlling the mechanism are the differences between the
equivalent potential temperatures and absolute humidities at
the cloud surface and its immediate environment. The steeper
the outward directed gradients of these elements the more
rapidly does the cooling occur and the greater its degree.
The process thus steepens the temperature gradient between
the above-mentioned skin of the cloud and the saturated air
immediately within., At the crest of the cloud thise signifies
a local steepening of the lapse rate which may eventually
lead to the development of instability for saturated sir. In
consequence of this, small convection currents force their
way upward through the top surface of the eloud and penetrate
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posaibly a short diestance into the ovserlylng unsaturated ailr,
These droplet-laden currents, whick are probably wisp-like,
-moisten the euperposed alr. - It therefore cools to some ex-
tent as. a result of eveporatien of the vater particlee.

) The cool zir forming the (shaded) outer eheath of c]oud
and the air immediately above-the clond erest which 1s cooled
by the evaporative process Just outlined tend to sink relatlive
to any warmer, less-dense parcels of air ‘torced to the same
levels by convection. ‘Ian this manner a descending current. may
be .produced in the outer sheath of cloud ‘when the surface .1s
not exposed .to the ‘dfrect rays of the sun.” So long as the air
in the descénding durrant is celder than ‘4ts environment, it
.buoys up gnd displacés warmar- alir . present both at its- level
and aloft, Involved 11 this:process is the well- xnown "chim-
ney effect." By virtue of this, the greater the vertical -ex-
tent of the cloud mass and the. greater the difference -in mean
denslty between the column of. warm air in the ‘Zenerally as-
cending core of the- clound and the column of c¢ooler air.in the
generally descending reglon of the. cloud wallj, then:the
greatar the resulting vertical velocities ana traneports both
up and down VI : _
Amqng the fectore controlling theee effecte is the re-

ciprocal actien of dlegplaocement. which connects the behavior

of parallel. adjacent - oppoesitely. moving vertical currents.
Thus, ap ascending ‘curtent -produced by physlcel causes in one
column may promote, by dieplacement,_e descending current in
an sdjoining columh, ‘and: vies. versa. . The extent and velocity
of any current created .in thie manner. depende ocnr the net vol-
ume of air eimultaneously flowing per unit time in- the oppo-
gite direction neardby .through the varioue levels, taking ac-
- eount of modificatiens due to frictional effects, turbulence,
and -lateral’ exchange c£ momentum around the boundariee of the
currents,. e . .

‘e

."_..

Consequently, a swiftly moving exteneive updraft in the
.core of a tlundeérstorm-ecirculation cell may have as a concom-
. 1tant an. approximately similar integrated volumetric transport
~in.the opposite direétion manifeeted by descending currents in
the eheeth of the eloud-and subaidence in the environment

" thereof. The invereo 1s likewiee poseible- so the two actions
. are mutual and Inseparable,- Hence.'marked ‘subsidence in some
;zone within or-near ‘the cloud may inteneify the upward convec-
 tion within ‘thé core, 'while strong updrafte in one area may

. influence etrong downdrefte elsewhere in the neighbornood

With the more towering cumulue and pumulo~ninbus clouds,

therefore, the more marked can become the contrast in vertical
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-velocities between the two ad jacent streams of alr moving 1n
opposite directions. Thus may arise a steep horizontal gra-
dient of vertical velocity in the transition zone between the
.shéath and central core of the cloud circulation system. In
this zone, rapid fluctuations, of considerable magnitude in
both verticael and horiszontal accelerations, and severe turbu-
lence, are to be expected. Accordingly, the air in and near
this zone, being generally laden with ice and water particles,
often participates in processes leading to an intensive gen-

‘sration and separation of electrical charges, with resultant
formation of steep potential gradients and attendant likeli-
hood of development of disruptive discharges.

An important consequence of the processes described is
that an important share of the driving mechanism of the ver-
tical eirculation system of the growing cumuliform cloud
stems from the buoyance imparted to the warmer air in the
core by the cooler air which sinks in the sheath of the cloud.
. It may be remarked that this permits the continuatlion of a
circulation after the supply of warm, convective bodies of
air from the underlying atmosphere has been cut off. Added
in great measure to the foregoing source of motive power 1s
the latent energy liberated by condensation, freezing, and
sublimation within the cloud, as well as the energy derived
from any buoyant parcels of alr entering 1ts base from below.
Not to be forgotten, of course, is the reservoir of potential
energy resident in the environment, which yields up some of
its store by subsidence.

In studying the factors whiceh control the evaporative-
cooling process discusseed above, it 18 necessary to consider
ventilation. This 18 determined by the steepness of the gra-
dient of air velocity measured between the surface of the
cloud and the adjacent unsaturated air - that is, a marked
relative veloeclty in a short dietance between the cloud par-
ticles in the surface and the contiguous clear alr represents
a sltuation favoring evaporation.

Thus, other conditions remaining equal, and excluding
areas where condensation predominates, the portion of the
surface of the cloud which receives the most ventilation
tends to yleld the most evaporation, greatest cooling, and
most rapidly descending currents. Conslder, for example, the
variations 1in rate of evaporation at the crest and &along the
. walls of a towering cumuliform cloud associated with an en-
.Vironment wherein the wind velocity varles with altitude.
Thus, when the wind velocity increases with height, it is to
be expected that the upper, windward portion of the eloud is
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affected Zy a greater rate of ventilation than the upper, lee-
ward pqrtidn. .The reverse is to be expected when the wind ve-
locity decreases with height. These factors are conduclve to
the .development of a differential in the vertical veloclties
manifested on the windward and leeward sides of the cloud,

thus influencing its cellular structure. Moreover, a steep
vertical gradient. of wind velocity near the creat of the cloud,
egpeclally when associated with a steep lapse rate, materially
influences the rate of evaporative cooling at the crest and the
degree of. turbulence and eddy motion generated in its vieinlty.

Another phenomenon of importance in connection with the
development of clouds hinges on the fact that water droplets
.. have an emissivity which 19 mich greater than that of rela-

. tively dry air. Hence, the top and the upper, exterlor sides
of a caulifiower-shaped cloud may lose considerable heat by
radiation when the air which the cloud exterior Ysees" is dry
and colder, provided incident solar radiation 1s weak or ab-
gent. This process also intensifies the cooling at the outer

. portion of the.cloud and enhances the cooling by evaporation

previously discussed. It 1s especially effective at night.

The cooling at the shaded top of the cloud Jointly by ra-
dlation and evaporation may lead to-breation of instability in
the upper sheath  of cloud, OConvection currents result within
this layer as explained in the third paragraph of this section
(VIII).. However, by ¥virtue of the cooling, a thin inversion
which hampers convection tends to form immediately above the
cloud, But, sinking of the cool alr of thie inversion by grav-
ity and .the. sweeping.action-of adveetive ‘clirrents across the
eloud "tgop.may, :becayse-of turbulence: and "transelational motion,
render 'thq . inversion . negligible. -Af favored points, then,
penetrative ,convection from the underlylng unstable cloud sheath
may force .its waoy :through:-the slight inversion layer, and per—
mit’ ‘continned upward propagetion of the cloud, if convective and
_copdit;qﬁalAingbability*p?evail-aloft._ In sddition, 1f the
cooling is both extensive and conglderable on cloud top and wall
the coocled sinking air displaces warmer alr and intensifies up-
ward;ppnyept;@n,plgemhere%infthe'ciphd,”

When.there is.strong, direct ingident, solar radiation on
the. exteriopr. surface:of the' cloud, the c¢loud particles and as-
. soclated saturateéd air'areuwarmgd'uﬁg"ﬁgnce the contiguous, un-
.satunatqi,air;areund:ﬁhesélbﬁd i1d not heated to the same extent,
. & steeper temperature gradient than exjsted before is establish-
ed, At :the.top-of *the ecloud, this gradient, on becoming suffil-

" .clently .strong, permits the ‘vertical, upward propagation of con-

vection currents and hence the upward development of the cumuli~
form cloud structure. If the uneaturated alr overlying the
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cloud is especlally dry, the convectlion currents from the up-
per portion of the cloud penetrating that alir may mix with the
environment snd lose molsture by rapid evaporatlon of the en-
trained cloud particles. Bventually, the moistenlng process
in the overlying unsaturated air may permit the further verti-
cal progress of the cloud development, provided the original
lapse rate of the alr was steep enough to be favorable to the
attainment of a conditionally unstable lapse rate. These phe-
nomena strongly influence the diurnal variation of cloud evo-
lution, especially in connection with those of the cumulifornm
varlety.

IX. THERMODYNAMICAL LAPSE BATE STEEPENING AT TOP OF
GROWING CONVZOTIVE CLOUD

During the active growing stage of a cumulus congestus
the convection currents within the core of the ¢loud thrust
the upper saturated surface of ths cloud vertically against
the overlying, unsaturated air. Inasmuch as the saturated
air cools at the wet adiabatic rate and the unsaturated alr
cools at the dry adiabatlic rate, the latter cools to 2 great-s
er extent than the former, Thlis steepens the lapse rate be-
tween the two contrasting bodies of air and aids in the up-
ward propagation of the currents by convectlon as they repeat-
edly are forced toward the crest of the cloud, with probadle
intervening periodse of lapse in vertical velocity. The pro-
cess is most effective when eonvective instadllity prevails;
that 1s, when the egquivalent potential temperature decreases
wlth altitude.

X. BFFECTS OF DIFFERENTIAL LIBERATION OF LATENT HEATS OF FUSION

AND SUBLIMATION IN THE VERTICAL, ATTENDING FALL OF ICE PARTICLES
THROUGH A& CLOUD OF SUPERCOOLED WATER DROPLETS

Two concurrent related mechanisms exert a profound influ-
ence on thermodynamical conditions when & cumulus cloud trans-
forms into a cumulo-nimbus ocloud - that is, after ice crystals
appear in the upper portion of the cloud.

Liveration of Latent Heat of Fusion

(a) The fallling of 1ce crystals or pellets intoc an aggre-
gation of water droplets having a temperature below 0° C in-
duces freezing of those droplets which suffer impaction by the
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1ce particles. . As the particles grow in size by fce accretion,
they progreesively fall faster, sweep out a larger and larger
area and strike more supercooled water droplete per unit of
time and of distance of fall. :

Sedimentation and precipltation cause the larger super-
cocled water droplets to collect in heavier corncentrations at
the lower than at the upper levels. (By lower levels, is:
meant here, a zone immediately above the 0° C level within
the body of the ecloud, not necessarily near the base of the
cloud) Hence, for each unit velume swept out by an ice partl-
cle during descent, greater and greater quantities of water
are encountered as it approaches the level of 0° C temperature.
Owing to all the factors mentioned above, there is.a very
marked stepwise increase in the rate of total ice accretion
ver unit distance -of fall of each particle, as the descent
progresses. The freesing associatéd with a process of this
charscter, when applied to a 'large number of rarticles, yields
a much greater liberation of latent heat of fusion (about 80
calories per grédm of water frozen) in the lower portion of
the supercooled water stratum of 'the ‘ecloud than at the top of
that stratum where the fce crystals are introduced.

- In .consequence of thisg differential hesating, the tempera-~
ture lapse ratg is steepened and instabllity may be produced
1f not already present. With development of such a result,
masses of alr warmed by this thermodynamic process rise con-
vectively from the lower portion of the given stratum. The
larger 1ce pellets or hallestones fall out of these masses,

but the smaller ones, accompanied by most of the remeining
supercocled water droplets, are traneported upward. In view
of thie displacement, a fresh supply of ice crystals ias en-
abled to fall into the convective masses at higher elevations
and instability ie propagated upward untill the avallable water
droplets are largely depleted by freegzing and evaporation.

Attending the ascent of these masses of air there must be
& .compensgatory descent of coocler -air, either surrounding the
updraft or occurring in the immediate vicinity of and includ-
_ing the outer portion of the cloud. asg previously explained,

Liberation of Latent.EQat of Sublimation

(b) The falling of ice particles into an assemblage of
supercooled water droplets causes the 1ce particles to grow
by sublimation - that 1s, by direct transformation of water
vapor to frost erystals without paseing through the interme-
diate liquid phase. The rate of diffusion of vapor to the
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surface of an 1ce particle is proportional to the diameter of
the particle (here assumed to be spherical for simpliecity in
discussion) and to the local gradient of vapor density. The
rate of diffusion 1s also consideradly influenced by the
Reynolds number pertinent to the partiecle, tending to increase
with Reynolds number (but not in direct proportion). This num-
ber 1is equal to the product of the diameter of the particls,
the veloclity of the particle relative to the gaseous mediumn,
and the air density, divided by the absociute viacosity of the
air,

Effect of Variations in Reynolds Number

It is shown 1n the following discussion that the varla-
tions in all three factors (diameter, local gradient of vapor
density, and Reynolds number) are conducive to a progressively
I1nereasing rate of growth of the ice particle by sttiimation
during its descsnt through the ecloud of supercooled wuter
droplets, assuming that the space between the droplebs was
originally saturated with respect to water.

Firgtly, as the particle falls it grows manifold in diam-
eter, generally from e few thousandths of a millimeter at in-
ception to perhaps two or more millimeters on precipitating
out near the 00 O level., This growth is due to sublimation
and to ice aceretion resulting from collisions of the ice par-
ticle with supercooled water droplets.

Secondly, as a consequence of the difference between the
saturation vepor pressures over water and ice at temperatures
below 0° O, the local gradient of vapor density directed to-
wvard the surface of the 1ce particle steadlily increases during
its descent at all temperatures less than -12° ¢ (about 10° F),
regardless of whether the particle and saturated wvapor are at
the same temperature or the particle is colder than the vapor.

At temperatures of the saturated water vapor from -12°
to 02 C, the local gredient of vapor density directed toward
the particle would also steadily increase, provided the ice par-
ticle were 1.3° C, or more, colder than the vapor. This fact
is disclosed by the following dilagram entitled UDifference
between Saturation Vapor Density of a Space over Water at Tem-
perature t,, and Saturation Vapor Density over a Flat Ice

Surface at Temperature t3, wherse At = (ty - t1), in OC.®
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When the particle falls through a stratum having e nor-
mal decreage of tempersture with height, it tends to De
cocoler than the environment, The asamount of the temperaturs
difference increases more or lese in proportion to the lapse
rate and the particle'es downward velocity, the latter increas-
ing rapidly with growth of the particle, Differences of 1.3° ¢
or more may be attalnsd when fairly large particles have been
formed owing to l1cd accretion combined with sublimation, and
relatively high velocities of fall result.

Where the temperature difference between the saturated
water vapor and particle inecreases beyond 1,3° C, the vapor
density gradient toward the particle undergoes a rapid 1ln-
cgegse as the temperature of the particle closely approaches
0] .

Phirdly, while the ice particle continues to grow during
descent for the various reasons outlined above, its velocity
relative to the air undergoes s great increase (from perhaps
gseveral thousandths of & meter per second at inception to one
or more meters per sescond on precipitating out near the 0° ¢
level). ©Since the diameter has undergone a similar relative
enlargement, the product of velocity and dlameter manifests
an even greater sugmentation. The air denslty normally in-
creases by a larger proportion than the air viscosity on de-
scending through an unstable ecloud. It follows from these
considerations that the Reynolds number pertinsnt to the 1ce
particle i1s multiplied many times in the course of the parti-
cle's fall through the cloud.

In consequence of the foregoing, the descent of an ice
particle must be attended by a progressive augmentation of
the flow of vapor bto its surface by diffuaion, The vapor
transforms to frost at the surface, accompanied by a release
of latent heat of sublimation proportional to the amount of
vapor thus removed from the space,

W¥hen a multitude of ice particles falls through & cloud
of supercooled water droplets, the trend toward increasing
vapor diffusion to the particles with downward progress has,
as a concomitant, a greater liberation of latent heat of sub-
limation in the lower portion of the cloud than in the upper,

Removal of Heat by EBvaporation
There is séme compensatlon for this heating by cooling

due to evaporation of the water droplets into the space from
which vapor has been removed by sublimation. However, the
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cooling lags behind the heating since the vapor already ex-
istent in a limited space around the 1lce particles supplies
the energy immediately; whereas the coolling does not take
Place until the slow diffusion of vapor into this space oc-
curs from the viecinity of the water droplets. Hence, by the
time the heatling due to sublimation beglins at lower levels

ln the cloud, the evaporative cooling has already set in at
upper levels, The net heating aloft, due to the addition of
latent heat of sublimeatlion and the subtraction of latent heat
of evaporation, is very slight compared with the net heating

below,

The differential rate of heating between top and bottom
of the layer involved is large toward the heglnning of the
process because of the lag of the evaporative cooling.

The latent heats of sublimation and evaporation of water
vapor are 676 and 596 calories per granm, respectively, at 0° ¢,
These data imply that for each gram of frost formed by subli-
mation on the falling ice particles a considerable quantity of
heat will be made available. Moreover, at a given level the
amount of thermal energy ylelded by sudblimation in a given
time interval must . exceed the amount simultaneously removed bdy
evaporation, at least, in the developing stages of the pro-
cesses described, This relationshlip and that outlined under
X (a) above (i,e., with regard to freezing) agssure that there
will be a differentisal heating which increases downward by
virtue of the Jolnt liberatlion of latent heats of fusion and
sublimation in the manner explained.

Hence, there must follow a pronounced steepening of lapse
rate and perhaps the establieshment of an unetable condition,
1f not already exlstent, When instablIfity is created or is
intensified, the consequences are as outlined in connectlon
with X (a) above.

Cyzles in the Instébliity-Prbducing Mechanisns

Energy having been made avallable for convective activity,
large parcels of air are sub Jected to spasmodic upthrusts, ow-
ing to the density differences produced by the differentlal
heat liberation in the vertical column. These upthrusts may
readily cause the explosive expansion and vertical development
of the cauliflowerlike structures typleal of many cumulo-
nimbus clouds in the early stages of thelr growth., The upward
veloclty of the bodies of air which tkus undergo convection
cannot be continued indefinitely, since they sweep up with them
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- the smaller 1lce crystals and pellets which are essential for
the maintenance of the differential heating déscribed above.

Following the partial collapse of the cauliflowerlilXe
stricfures to the extent that the ascending masses overshoot
the equilibrium level, there 1s a tendency for a temporary
q&iescent state to develoP. During this interim, the resid-
ual small-scale turbulence causes many of the ice particles
to collide with numerous supercooled water droplets, thereby
producing ice accretion on the particles at an abnormal rate.

‘Difectly after this, the falling of the enlarged ice particles
into the lower portion of the cloud leads to intensiflcation
of the processes previously outlined, so long as upward trans-
port' of water vapor into the base of the cloud by convection
replenishes the water content lost by sublimation arnd 1ice ac-
cretion on the particles. -

Repeated operations of the mephanism described ‘above are
"Iikely to occur because the strong upward convective current
entrains the particles at firet, thereby preventing them from
being deposited into lower levels, and preparing the way for
an even more energetic downward convective stage than pre-~
?iously because of the growth of the particles. But this,-in
turn, leads to the development of another cycle, and the lat-
ter to still another, and so forth. The ice particles in-
‘erease in size periedically with each recurrent eycle, and
eventually they may attain the dimensions of hailstones.

The process of develeopment of the partlcle i1s analogous
in" 2 sense to the process of growth of a snow ball or snow
*rollier tumbling slong a fresh.snow cover; the larger it be-
‘comes, the faster it grows, so that ultimately, o series of

such rotations or cycles may cnlminate-in an avalanche.

inalogouely, in the case of a. thundercloud, the processes de~

':scribed yield 2 torrent of frozen. precipitation

Instability-Producing Mechanism Located Immediately

[
1

e .. below 0° ¢ Isotherm

Consider now the processes that occur when a great mass
of relatively cold frozen precipitation particles, some of
which ‘may be hatlstones, fall into the portion of the cloud’
occupied by water droplets and air saturated with respect
thereto at a temperature exceeding 0° C.
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Heat is made available to the air by the following pro-
cesses involving the frozen particles:

..(1):Léten£ ﬁeat of fusion is liberated, owing to the
freezing of water droplets which are encountered by the fall-

. -;ng”pagticles (the temperature of the latter must be less
. -than 0° €, they having grown at altitudes above the freezing
isotherm);.

. CaY Latent heat of sublimation is liberated, owing to the

. diffusion of vapar from the saturated epace at a temperature

above 0° O, to the frozen surface of the particles at a tem=
perature below 0° C, frost accretion thus oceurring on the
particles;

(3) After the surfaces of the particles have been warmed

.to a tepperature of practically 0° G, by continued exposure

to a warmer environmen$t, or when the surfaces become wet at
such a temperature, latent heat of condensation is lidberated,
owing to the diffusion of vapor from the saturated space at a
temperature above 0° ¢ to the pomssibly wet surface of the par-
ticles at a temperature 9f about 0% C, condensation thus occcur-
ring on the particles, '

It should be noted that the rate of liberation of heat
by process (1) depends principally on the concentration of
liquid water particles along the path swept out by the froszen
particles, the slges of the two types of particles, the shape
and roughness of the frogzen variety, the relative velocity
between them, the degree of fine-grained turbulence in the en-
vironment of the colliding particles, and the density and vis.
coslty of the air. It should be further noted that the rate
of liberatlion of heat by processes (2) and (3) depends on the
factors mentioned as controlling process (1), and, in addition,
the gradient of vapor denslty existing at the surfaces of the
respective particles, and the coefficlient of diffuslion of water
vapor in air, which in turn depends on the prevailing pressune
and temperature. Important in regard to the gradient of vapor
density is the difference of temperatures between the surface
of the frozen particle and the saturated alr, taking into con-
slderation the atsolute values of the temperatures.

From a study of the mathematical relationships connecting
the factors mentioned, it 1is found that the trend of the vari-
ables In the great majority of cases 1s such as to be conducive
to a greater net rate of evolution of heat dy the indicated

processes 1n the zone sltuvated immediately below the 0° ©

isotherm than in the zone immediately above it, provided both
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zones are occupled by the cloud with water droplets having a
distribution to be expected normally for cnmulomnimbus clouds.

Heat is removed from the air largely by the following
processes involving in some degree the frozen particles:

(4) Heat is conducted from the air to the descending}
frozen particles, owing to the temperature of the particles
being lower than that o¢f their environment;

(5) Heat is radiated from the air, vapor, and water drop-
lets to the falling ice particles, owlng to the temperature
difference indicated in ?4);

(6) Latent heat of vaporization is abeorbed by the water
droplets as they evaporate in replenishing the vapor removed
by diffusion to the frozen particles; and

(7) Latent heat of fusion is absorbed by the frogen par-
ticles in melting (generally at 0° C). (A portion of the heat
used for this purpose is derived from the heat conducted to
the ice particles by implunging droplets of water which have a
temperature in excess of that of the frozen particles.)

Certain considerations lead to the conclusion that the
rate of removal of heat by processes (4) to (7) is generally
lees than the rate of liberation of heat by processes (1) to
(3) in a thin zone immediately below the 0° C isotherm, at
least in the early stages of the precipitation of the frozen
particles into the zone. There are also reasons for believing
that in active, growing cumulo-nimbus clouds the net rate of
heat evolution represented by the sum of the rates (1) to (3) .
minus the sum of the rates (4) to (7) in the specified zone
below the 0° 0 isotherm is generally greater than the net rate
of heat evolution represented by the sum of the rates (1) to
(2) minus the sum of the rates (4) to (6) in the correspond-
ingly thin zone immediately above the 0% C 1sotherm.

To these considerations must be added those resulting
from the fact that vavor-laden air is continually entering
the cloud base in the active stage, so that latent heat of
condensation is yielded as upward ¢onvection proceeds in the
cloud. The vapor from this source zacts to replace that lost
by diffusion to the colder, falling particles, and therebdby
compensates in some degree for the heat loss indlcated under

process (6).

On accepting the foregoing conclusions, 1t follows that
the layer including the thin zones both above and below the
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0° 0 isotherm. 18 a region where steep lapse rates and insta-
bility producing processes willl prevail. The reports of
soaring pllots appear to bear out these conclusions, in view
of the marked turbulence observed on approaching the 0° C
lsotherm from below in certain types of clouds.

Stabllity-Producing Mechanism Located Well Below
Level of 0° € Isotherm

After the frozen precipltation particles fall far enough
below the 0° O isotherm, the hsat removing processss (4) to {7)
exceed the heat liberating processes {1} to (3). Then cool-
ing of the layer into which the particles have fallen will
ensue. Thie weakens the lepee rate in a stratum between the
thin zone immedistely below the 0° G level vwhere heating pre-
dominates and the layer Jjuet referred to where cooling predom-

inates. :

Instabllity-Producing Hechanism Located Below
‘Last-Mentioned Stratum

Consider now the stratum below the cooling layer. In
the active stage of development of the cumilo-nimbus cloud,
the water vapor transported into the cloud at lower levels is
caused to condense by verticsl convection and latent.heat of
condensation 18 made avallable, Thus is found the possible
formation of & transition gzone with marked cooling above and
heating below. This 1s conducive to the creation of steeper
lapse rates than existed before and vosslibly marked instabil-
1ty which leads to intense local turbulence in the form of
both downdrafts and updrafts.

Development of Turbulence in Relation to Mixing of
DPwo FPorms of Hydrometeors

Turbulent motions will be especlally pronounced between
columns of descending cold, frozen precivitation or rain
formed by melting thereof and columns of ascending, warm sat-
urated air bearing cloud droplets condensed while the alr is
undergoing convection.

Intermingling of the solid hydrometeors and the cloud
droplets due to turbulence in the stratum with temperatures
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well exceeding 0% C quickly tends to produce melting of much
of the former with resultant appearance of very large rain-
drope at temperatures near 09 C.

When convecection currents quiickly transport great masses
of these raindrops upward into the zone of below-freezing
temperatures and snow, ice pellets or hallstones precipitate
into the air carrying the large drops, instability often of
great intensity is created by the processes previously out-
1ined under X (a) and X (bv). Violent upthrusts of the un-
stable, relatively warm, moisture-laden alr ensue, with com-
pensatory sinking of relatively cold air around the ascending
columns., The flow of vapor and condensed forms of water sub-
gstance into the portion of the thundercloud above the 0% ¢
isotherm is greatly increased by these surges, with a result-
ant revitzllization of the energy transformations occcurring at
higher levels, and an accelerated growth of solid hydrometeors.

In consequence of thie, very heavy concentrations of in-
termingling solid and liquid hydrometeors are produced in
zonee where convergence of such hydrometeors occcurs. An ex-
ample of this may be found nsar the head of an ascending mass
of buoyant, molsture-laden air when it collides with a de-—
scending mass of denser air lacking a sustaining convection
ecurrent and bearing great quantitlies of ice pellets, hail, or
genow. At the turbulent boundaries between ad joining currents

moving relative to one another, there is likewise some ex-
change of entrained particles between them, with attendant
growth of the frozen hydrometeors at the expense of the ligunid
ones.

As a ravpidly ascending convection current passes above -
the level where its vertical upward acceleration is a maximum,
1ts upward velocity continues to Iincrease until it attains the
level where, in general, the density of the air in the current
becomes equal to that of the air in its immedliate environment.
The latter level i1s the height of zero upward acceleration of
the current. Usually the current decelerates above this level,
gsince then 1t is risineg solely by virtue of its momentum while
penetrating a stably stratified environment which offers re-
straint to upward intrusions.

The energy associated with the decelerating current under
these conditions must be dissipated by extremely turdbulent mo-
tions, especlally those connected with overshooting and diver-
gence of the stream above the equilibrium level succeeded by
rapid subsidence. ' '
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‘Accordingly, theé upper portion of an "air fountain®
within a cumulo-nimbus cloud will invariabdly yield *rough
alr's but if the ascending air transports considerable quan-
tities of suypercoocled water which penetrate a layer contaln-
ing myriads of ice particles, the resulting turbulence may
become severe,. :

Zone of Maximum Vertical Zxchange of Liquid and Solid Hydrometeors

. From the foregoing considerations it 1s apparent that

the instability-producing processes described under X (&) and
X (b) lead to the development of gquite effective mechaniems

for accelerating the vertical transport of liguid hydrometeonrs
upward through the 0° C isothermal surfece, and of solid hy-
drometeors downward from the upper portion of the thunderstorm,
It may be expected that there exists a stratum wherse both

these effects tend to be & maximum, and 1t seems reasonable to
believe that thilis stratum occuples the space from the level of
the 02 ¢ isothermal surface to the level of roughly the -49 C

i sothermal surface, extending also possibly in the other direc-
tion approximately to the level of the 4° C isotherm, In this
layer the convergence of frogen and liquid hydrometeore will
-tend to be a maximum, with & resultant tendency for hallstones
and ice pellets to attmin their greateet rate of growth in the
same reglion.

Possible Development of Horigontal Pressure Gradient
and Vortical Motion

The marked lowering of the mean air density by the rapid
liberation of latent heat in a column of appreciable depth
lowers the barometrlc pressure at the base of the column com-
pared to the surrounding atmosphere, and thereby produces an
inward-directed horigontal pressure gradlent. This tends to
produce horigzontal convergence around the periphery of the
specifled column; hence it acts to increass the concentration

. of hydrometeors and strengthen the vertical motions within the
.column, Prolonged continuation of such processes may produce
a "necking-in'" of the cloud and possibly some degree of hori-
zont?l circulation (i.e., vortical motion about a vertical
axis
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Phenomenon of Buoyant Streaming of Air Past Frogzea Hydrometeors

Relatively maesive so0llid hydromebteors may congregate in
the specified convergence layer for 2 time, But the assem-
blage may be rather concentrated only so long as the vertical
upward current is sufficient in veloclty under the given con-
ditions to sustaln the 4individual 3ce pellets, hallstones, or
snow partlicles which are continually falling relative to the
air enveloping them. Considerable latent heat 1s liberated
in this reglion by sublimation and by freezing of water (as
isolated droplets, collided droplets, or filmes of ligquid on.
solid hydrometeors after the latter suffer impactlion by drop-
lets). The heat thus realiszed must render the enveloping ailr
buoyant, and create an upward convective flow of the air' con-
tiguous to the frozen hydrometeors. This action greatly helps
to maintain the transport of water vapor and small droplets
into the overlying cloud from the underlying strata.

Results of Depletion of Water Droplets

When the ice pellets, hailstones, and snow partlcles at-
taln to considerable sizes and heavy concentratlions, they tend
to deplete rapidly the gvailable intermingling water droplets
by ice accretion and sublimation. This procese reduces the
vapor density in the epace nearly to the egqullidbrium vapor
density at the surface of the solid hydrometeors. Then the
differentiel heating in the vertical column explalined under
X (a) and X (b) suffers a marked decrease. This causes a cor-
responding decrease in the vertical veloclty of the ascending
stream of air relative to the solid hydrometeors, slnce the
latent heat for creating buoyancy of the air is no longer be-
ing released in such great quantities. Thue the limlted sys-
tem under conslderation tends to attain a thermodynamical
state of neutral stabllity.

By virtue of the changes desecribed, the force of susten-
tation from the ascending current which enables the solid hy-
drometeors to remain in a given layer is largely removed, thus
causing them to precipitats out. At first, the largest hail-
stones fall from the layer, and soon the moderately and per-
hags smaller slxzed ones sccompanied by ice pellets and snow
follow. _

Formation of Downdrafts

So great may be the mggregate mass of these hydrometeors
falling into a given volume of alr at temperatures above 0° ¢,

lIncreased rate of vapor flow and heating frem subdlimation
result.,
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that only a fraction of their bulk is immediately melted.
The consequent removal of latent heat of fusion from the alr
in the relatlively warm layer receiving the frozen hydrome-
teors cools that alr relative to the underlying air stratum
ad previously explained. This steepens the lapse rate be-
tween the two eloud strata, and in general will produce 1in-
stablllty for saturated sir. As & result, descending cur-
rentes are readlly produced, so that the hydrometeors acceler-
ate In their fall relative to the ground., Often by the time
the heavy concentration of hailstones and accompenying pre-
clipitation has fallen the dlstance from its starting layer
to the base of the cumulo~nimbus, 4t has attained a consid-

erable velocity.

0f further importance 1e the fact that the cross-sec-
tlional areas and the terminal velocities of the hallstones
and assoclated particles ars much greater on the average in
the given condition than those of ordinary cloud droplets.
Accordingly, when the sustaining current fails, the larger
hydrometeors with their greater terminal veloclties exert a
strong downward drag on the surrounding air and so produce a
powerful descending curreant which, because of the instability,
gains in momentum as it progresses.

After that current emerges from the cloud base, evapora-
tion of the water both in the liquid and solid phase accom-
panled by some melting of the frozen precipitation occurs
around the portion of the current exposed to the unsaturated
alr. The latent heat absorbed by this process cools the sur-
rounding air and causes it to sink to lower levels.

Near the leading edge of the descending current, the
molsture~laden air remains saturated and warms at the satu-
rated adlabatic rate; while immediately beneath, the unsatu-
rated air, which ie¢ driven downward ahead of the current,
warms at the dry adiabatlc rate. Thie steepens the lapse
rate between the leading edge of the current and the under-
lying air, promoting the development of great inetability for
saturated alr and permitting the downward acceleration of the
current .} Prolonged continuance of this process allows the
current to attalin a high veloclty and to undergo a great ex~
pansion in lateral extent. Severe downdrafts which are very

hagzardous to aircraft arise in this menner.

The downdraft and 1ts contiguous sheath of alr must be
conslderadbly cooler than thelr environment on reaching the
surface, owing to the transport of hydrometeors and alr from
colder upper levels often under absolutely unstable condi.
tions, %hre removal of heat by melting of the great mass of

lBven with evaporation downward from the leading edge of
current, absolute instability persists, if the air is convec—
tively unstable,
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frozen hydrometeors, and the removal of heat by evaporation.
From these causes, which have contributed to the development
of the phenomenon, there resulte a remarkable difference of
density between the air within and without the downdraft.
When the relatively dense downdraft, with its heavy load of
torrential precipitation, strikes the ground, it must Ysplash"
and produce cool lateral streamers or bodles of air flowing
away from the arsa of impact. If the downdraft motion were
perfectly vertical, the outflew would doubtless be lnitially
radial and more or less symmetrical over level terrain; but
if the motion were ineclined relative to the ground, the out-
flow would probably be asymmetric with the greastest extenslion
in the direction of the horigontal component of the current's
original velocity on reaching the surfacs.

Lightning Hazards Near Column of Torrential Rain

Torrential rains which stem from the central regions of
thunderstorms in the manner explained above are known (refer-
ence 12)'to carry a large excess of positive electricity to
the ground. 1In the region between the negativesly charged
cloud base and the heavy rain which is predominantly posi-
tively charged, the potential gredient becomes rather steep.
On this account the snecified region is one in which light-
ning strokes tend to oceur fregquently.

XI. PHEZNOMENA INVOLVED IN BLECTRICAL CHARGE

GENERATION AND SEPARATION

Important applicatlions of the processes described above
cccur in regard to the generatlion and separation of electri-

cal charges.

Charge Generation Bffects of Collisione of Ice Particles

It is known that the collision of ice particles (or
snow flakes) produces strong electrical charges, in general,
such that the negative charges reside in the ice particles
and the positive charges escape by means of small ions car-
ried by the air. (See references 10, 11, 12.) When both
large-scale and fine-grained turbulence are considerable, as
when there 1s much intermingling of ice particles and water
droplets in the layers previously mentioned, the particles
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are Jjostled by collisione which occur with relatively great
frequency and force, N .

Mechanism of Charge Separation

The liberation of latent heats of fusion and sublimatioen
at the surfaces of the lce particles occurs at a comparatively
high rate, owing (1) to the rapldity of ice acecretion.from
frequent encounters with numerous waeter .droplets, and (2).to
the rapldity of frost deposition from the coplous diffusion of
vapor to the particles in the saturated atmosphere.

Under these conditione the continual evolution of heat
at the surfaces of the particles (or hailstones) produces a
steady streaming of alr along the surfaces, directed upward
ag a result of the buoyancy 1nduced by the thermel energy re-
leased thereon. Accordingly, positive lons which are formed
by the collisions of ice particles are carried upward by the
convective stream of air flowlng in contact with the surfaces.
Often two ice particles unite after a collision because of re-
gelation at the point of i1mpect and the freezing of water droplets
which may be trapped between them, Relative to the air the
larger resulting paerticle falls faster than the original par-
ent partiocles did before the collision, and hence there 1s a
comparatively rapid vertical separation of the positlve ilons
and the negatively charged ice particles.

Hypotheslis Regarding Charge Generation by Collision of
an Ice Particle and a Water Drop

When a water drop collides &t considerable speed with an
lee particle, the former splashes and projecte numerous minute
fragments of water away from the site of the impact, while the
remaining water spreads slightly on the surface and freezes.
Considering the details of the phenomenon it seems quite pos-
8ible that the electrical charges carried by the minute frag-
ments are predominatingly positive even though the ice parti-
cles are largely negative, while the more massive calottelike
deposit of ice formed from the residual water retains a pre-
dominantly negative charge. (This hypothesis should be tented.
It should be noted in any case that the collision of ice par-
ticles is 2 more efficient charge-generation mechaniem than
the disruption of water droplets resuvlting from accelerations
of the sustaining air current.) The minute projectiles of
liquid water resulting from the splash are readily carried
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upward by the general convective current which prevails, or
at least are separated vertically from the ice particles by
the greater terminal veloeclity of .the latier.

Rate of Charge Separation

The progressive growth of the ice particles by ice or
frost accretion tends to accelerate the separatlion of the Dbod-
les carrying the opposlte electrical charges. 1In general, the
poselitively charged l1onse will be conveyed by the convection
current toward the upper portion of the cumulo-nimbus cloud
where the ice crystals are largely concentrated (in the false
cirrus structure), while the negatively charged ice particles
will fall relative to the sbove-mentioned ions.

This conclusion is similar to that of Simpson. (See ref-
erences 10, 11, 12.) It is to be emphasized that the mere
falling of the originally minute ice erystals under the action
of gravity eas postulated by Simpson does not present a suffi-
cient physical explanation of the speed of the separation of
the opposlitely charged carriers of slectricity.

The rapidity with which electrical fields of intense po-
tential gradients are built up within thundercloude prior to
lightning discharges (see reference 21) attests to the power
and extent of the charge-generating and charge-separating
mechanisms., Without the operation of processes whereby
(1) the collisions between particles are caused to oceur with
great frequency and viédlence, and (2) the opposltely charged
carrlers of elsctricity are forced to separate at a rapld rate,
the regenerative phase of the eycle of potential gradient va-
riations in active thunderstorms would -not manlfest so much
power as it actually does.

The greatest rate of charge generation would occur when
one body of air contalning a2 heavy concentration of large ice
particles (or hailstones) and water droplets impinged squarely
againgt ancother similar body approaching the first one at high
velocity, so that numerous collisions of the particles oc-
curred under exceedingly turbulent motions with high accelera-
tions. Furthermore, the greatest rate of charge separation
would occur (e) when the rate of evolution of latent heats of
fusion and sublimation was a maximum, causing a swift upward
convective current to transport the positive ions, and (b) when
the rate of growth of the ice particles by various means as
previously explained 1s a meximum, producing large hallstones
which fall with greatest rapidity relative-to the convective
carrent .
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It 18 to be expected on the basies of previously given
considerations. that conditions conducive to the evolvement
of these maximum rates of charge generation asd separation
are to be most commonly found in the neighborhood of a thin
stratum (perhaps 800 to 1000 meters thick) approximatsly
centering on the 0° C isotherm, (See gesc. 6 for supporting

evidence.)

Distridution of Charges 1an the Thundercloud

When the positive ions residing on the minute droplets
or clusters of molecules arrive in the false~clrrus layer of
the cumulo-nimbus cloud, they impart a positive charge there-
to. On the other hand, when the ice particles fall into the
lower portion of the cloud through the médium of the descend-
ing currents of air more or less surrounding the ascending
central core of the actlve thunderstorm (see VIIIof this appen-
dix), they convey predominantly negative charges to the lower
third of the cloud, especially toward the rear sector where
descending motien is generally most wldespread,

Acquirement of Positive Charges by Negatively Oharged Rain
Falling from the Cloud

As & rule, negatively charged droplets precipltsaste out
of the cloud as rain in a negative electrical field (i.e., one
with a negative pole in the cloud base and a positive pole in
the earth beneath). The droplets. may acquire a met positive
charge by capturing positive ionse driven upward from the
earth's surface under the sction of the field, in accord with
Wilson's theory. (See reference 22.) : '

Poesible Oause of Positive Charge of Torrential Rain

It 1e of interest to consider now the result of the
fallure of an upward, convective current which sustalns a
relatively heavy r-gregation of hajlstones and other particles
near the top of the fountainlike stream forming the core of
the storm. The location of this concentration may be at high
levele in the cloud, near the lower limit of the false-cirrus
layer and therefore in & positively charged region, OConse-
quently, the hallstones and. other particles may scqguire a net
pevsitive charge resulting from the flow of positive ions from
below. Hence, when there occure a slackening of the upward
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velocity of tke current so that it is insufficient to sustain
the great quantity of frozen precipitation, the hail and as-
sociated particles rapidly descend under the unstable condi-
tions which attend the phenomeénon. 3Bn route, the hail and
other frozen particles will melt partially or wholly before
reaching the surface. It is to be expected that the precipi-
tation will retain, at least irn sign, its original predomi-
nant electrical charge and so arrive at the ground positively
charged. This may be the explanation of why torrential rain
originating from thunderstorms is strongly, predominantly
charged with positive electricity.

Afrﬁnpxx VI

THEORY OF GANERATION AND SEPARATION OF ELECTRICAL

~+ _ OCHARGES IN THUNDERCLOUDS

The theory of the causes of generation of electrical
charges in thunder clouds and of their separation into re-
glons'where relatively high concentrations of charges. df .
given sign may exlst _has not been worked out in a2ll details
to the satisfaction of the great majority of experts in the
field. Therefore, no effort is made here to explain the mat-
ter fully. However, some pertinent facts and reasonable sup-
positions can be pointed out.

(a) The center of the upper, nositivelv charged region
is in'every case at . & temperature below 10° F'= -12° 6. 1In
view of -the degree of coldness, most of the condensation in
the cloud under these conditions is likely to be in the form
of ice erystals, snowflakes, or other frozen precipitation.

(v) During blizzards in polar. regions, which involve the.
blowing of large masses of snow, very strong electric fields
are created at the earth's surface. These fields, with rel-
atively few exceptions, are positive in direction - that is,
tke same as would be.due to a concentration of positive
charges above and negative ‘charges below. This 1s the charac-
ter of the electric fleld observed in the zone (Zpy):between
the upper, posltively charged region of ‘thundercloudd - snd
the lower, negatively charged region.: It seems guite certain
that the generstion of elsctriec charges 1n this instance re-
sults from collisions.of {ece crystala, or snowflakes.

-

1See sec. 17.
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(¢c) Simpson (references 10, 11, 12) has suggested that
the impact of i1ce crystale cazuses the fce to0 become negative-
ly charged and the air vositively charged. As he has pointed
out, the settling of the negatively charged ice crystals rel-
ative to the positively charged air would, under this hypoth-
esis, result in a separation of electricity with the positive
charge above the negative, This explanation has not been
confirmed by satiefactory ladboratory experiments, However,
there is abundant evidence that snow generally falls in a
charged state, Also, the rather intense electric fields pro-
duced at the ground during snow storms, and the charges im-
parted to exposed objects by triboelectric action involving
fce crystals or snow, as evidenced by precipitation statiec
(see sec. 12), provides strong supporting evidence that frozen
precipitation has characteristies adeguate to yleld, in the
main, the observed dlsitribution of charges in thunderdlouds.
It therefore -appears probable ‘that the phenomenon in question
plays an important role in the generation of electricity in
thunderstorms, and could posslbly explain, at least in part,
the separation of electrical charges so that positive charges
will collect at the top of cumulo~nimdbus clouds and negative
charges will collect below, since such clouds always have lce
eryatals in their upper portion at least,.

(4) Experiments have shown that when water droplets are
violently disrupted by large acceleration or deceleration,
the larger remalning droplets acquire positive electrical
charges; whereass the smaller (often submicroscopic) droplets
acaquire & negative charge. Simpeon has suggested that in the
turbulent reglon of thunderstorms where rain collects in huge
quantities gustained by vertically ascending currents, the
droplet-egplitting process can generate electrical charges and
separate them. The dropnlets, lagging behind the ascending
air currents, will be positively charged, while the currente
will carry negative charges upward. As polnted out by
Simpson, this could explain the (Q) region of lower, positive
charges, and provide a mechanism wheredy the (N) region of
negative charges could acgqulire negative charges from the as-
cending air currents. (8ee dlagram,)?

(e) When ice crystals exist in a egace slde by slde with
water dropletes at & temperature below 0Y 8, the L1ce crystals
will grow at the expenss of the droplets, for condensation
wlll occcur on the crystals and the d roplets will evaporate,
(The reason for this is that the saturation vapor pressure
over ice is less than the saturaztion vapor pressure. over water
at the same temperature.). Ice crystals thue grown will fall
faster than etherwicse and so collide with water dreplets at

'See s8C. 17,
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lower levels, As long as the temperature is less than the
freezing point (32° F = 0° C) the droplets are supercooled
and will quickly freeze on impacting with ice erystals. The
enlarged ice cryetals will fall even faster than before, col-
lide with more droplets, grow still more, and tend %o con-
tinue in rapid descent unless caught up in a more rapidly as-
cending alr current which may sustain them. (Hail forms by =
succession of ascents and descents of an ice pellet in the
supercooled water regilon of cumulo-nimbus clouds, whereby
freezing and collection of more liguid occur alternatively.)
When snowflakes or large ice crystale or pellets formed by
the processes outlined above fall down through a cloud tc¢ a
point below the 33° F = 0° ¢ level, melting begins. When the
melting is complste and evaporation 1s not excessive, falling
raindrops are left. There are reasons for belleving that the
mechanism described above 1s necessary before rain can have
moderate or heavy intensity. On the foregoing basis, the
electrical charge acquired by a raindrop will depend, at least
partly, upon the electrical charges possessed by the initial
ice crystal and the water droplets or other ice crystals with
which colllsion occurred, as well as upon the charges gener-
ated by collision of one ice crystal with another and by
splitting of droplets. Heavy rain falling from the lower,
pesitively charged (Q) region can be expected to be charged
positively on the whole as shown by the dlagram in section 17,

(£) 1¢ raindrops are carried up to the higher portion of
the cloud by a strong ascending current some seplitting is
likely, whereby the remaining fragments will become positive~
ly charged and the progressing alr current negatively. The
alr currents might convey the negative charges to the outer
fringes of the cloud where descending currents often exist.
The negative charges may thus be brought down*to lower levels,
whlle the positively charged fragments of rain may accumulate
in the upper portion of the cloud, as suggested by Humphreys
(Monthly Weather Review, vol, 67, Sept. 1939, P. 331). This
would auvgment the electrification from other sources: posi-
tive in the upper portion of the cloud and negative below.
8ince the cumulo-nimbus cloud is exceedlingly turbulent, 1%
can reasonably be expected that the distribution will not al-
ways be perfectly regular and that at times the cloud will
contaln electrically charged regions which differ in naember,
location, quantity of charge, configuration, and so forth,
from those portrayed in the generalized diagran,

(g) The electrification of thunderclouds ig dstermined
also to soms extent by the actlion of air ions in the existing
elsctrical field, according to a theory propounded by C. 7. R.
Wilson (references 22 to 24) and explained as follows:
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Lir ions (1.e., charged carriers of electricity) are
alweays present in greater or lesser degree in the atmosphsre,.
During fine weather there exists an electric field near the
surface of the earth the intensity of which in terms 6f po-
tential gradient averages about 100 volts per meter. This
field has a "positive® potential gradient, by which is meant
that it 1s a field such as 1s produced by a posltive charge
above and a negative charge below, Hence, in fine weather
the earth has a negative charge relative to the air. Posi-
tive ilons are therefore driven downward by the positive field
and negative lons are driven upward,

Consider a cloud largely consisting of neutral droplets
of water of different sizee. The larger droplets fall faster
than the smaller droplets; hence there is a tendency for sep-
aratlion. In an ascending current the same tendency will pre-
vall. Fog and swall cloud dronlets which are about 0.01 mil-
limeter (about 1/2500 in.)' in dlameter will fall at the rate
about 0.003 meter per second (about 1/100 ft per ses) rela-
tive to the air; light rain droplets which are about 0.45
millimeter (about 0.02 in,) in dlameter will fall at the rate
of about 2 meters per seocond (6.5 ft per sec); while excessive
rain or shower droplets whlch are about 2.1 milllimeters
(about 1/10 in.) or more in diameter will fall at the rate of
6 to 8 meters per second (20 to. 26 ft per sec). Drovlets
greater than 5.5 millimeters (about 1/5 in.) in diameter can-
not remain at that size for they are split into smaller drop-
lets on falling through the air. The large raindrops formed
in cumulo-nimbus clouds by the process proviously explalined
(see (e) adbove), will therefore probadbly fall at rates of 6
meters per second or more. :

The 1ons driven by the existing potential gradient will
have velocitlies less than the sinking specds of these large
raindrops, for with fields of potential gradlent less than
,40,000 volte per meteor, both large and small lons will be mov-
ing at less than 6 meters per second, while with fields larger
than this only the large ions will be effective and these will
have similar low speeds. The order of magnitude of the differ-
ence in veloocity can be seen from the fact that ordinary largse
lons will move through air with e speed of roughly a few hun-
dredths of a meter per second in a fleld of 1,000,000 volts
per meter, .

The electrification process is described by Wilson for
the more rapidly falling drops as follows:
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"A neutral drop falling through the air in a field of
posltive potentlal gradient, at & speed greater than that
with which the positive lons are being driven by the field,
will attract and sbsord negative lons at its lower positively
charged surface; positive ions cannot reach its negatively
charged upper surface from above as they cannot overtaks the
drop. It 18 only positive lons which the falling drop has
overtaken {or in other words which have been carried up by
the air from below the drop) that can approach its upper neg-
atively charged surface; and these have all already suffered
repulsion by the lower positive half of the drop before they
come under the influence of the upper negatively charged half,
The originally neutral falling drop will at first catch only
negative ions; and in alr of egual conductivity for iomns of
both signs, 1t will continue to catch more negative then pos~
itive electiricity until a resultant negatlve charge is ac-
quired amounting to a considerable fraction of the induced
charge .t .

The process thus outlined will cause the larger drops which
sink to lower levels to take on a net negative charge.

On the other hand, the much smaller ' cloud droplets held
in suspension by the rising air currents on account of theilr
low sinking speeds wlll tend to concentrate at levels above
the larger droplets, and hence the positive lone descending
in the existing fileld will be attracted to and absorbed by
the upper; negatively charged portiona of the small droplets.
The very small droplets in the upper portion of the clond will
therefore acquire positive charges. :

Thus a strong electric field may be established between
the larger, negatively charged drops below and the smaller,
positively charged droplets above. This field, like the fine
wveather fleld in the lower atmosphere is positive; hence the
process of electriflication described above can proceed until
the potential gradient becomes 8o "intense that breakdown of
the field occurs by a lightning éischarge, or the rate of
leakage of charges between the two oppositely charged regions
with resultant neutralization equals the rate of gensration,

The theory outlined above seems capable of explaining
the development of the lower, negatlively charged regions and
the upper, positively chatged regions of thunder clouds, so
far as the water droplets are involved. How well the process
functions in the layers where 1¢ée crystals predominate is not
known, but at any rate it 18 poesible that it exerts a modi-
fying influence tending 'to produce the observed distributions
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of positive electrical.charges at. the higher levels: and .peg-~ . -
ative charges balow. . . Cta e

The gcneration of charges in cumuluae clouds which -ag-a-
rule are entirely composed of water droplsts may be presumed
to depend on the processes alraady described.as invelving

guch particles.

The theory proposed by Wilson does not explain hew a
small region of pesitive charges can develop in the lower
portion of thunderclouds, and for this the breaking-drop
theory (of Simpson) outlined in paragraph (d) above must be
invoked., However, the former theory can explain the falling
of positively charged rain at.the surface by a process whilch
depends on the fact that below the negatively charged base
reglon of thunderclouds the potential gradlient. is negative.
In this process, the upper portions of the raindrope betwsen
negative cloud base and ground will have a positive charge
induced, while the underneath portions will have a negatlive
charge 1nduced. Positive ions driven up by the negative
field will be attracted to and ebsorbed by the descending
dreps which may thus acquire a net positive charge before
they reach the ground, Thies helps tc explain why more posi-
tively charged rain than negatively charged raln 1s observed
at the ground., The charges accumualated in rain by any pro- '
cegs may induce potentiasl gradients strong enough to lead to
a breakdown of the field, with resultant lightning discharge,.
Adreraft in the viecinity of such charged streams of raln may
therefore suffer the passage of a dlescharge, (See reference 22.)

APPBRDIX VII
THE NATURE OF LIGETNING DISCHARGES

Lightning ie essentially similar to a spark in nature
and conslsts of a stream of slectrical charges traveling at
high velooity. Before there can be &, lightning discharge it
ie8 necessary, first, that there bPe a region where a large con-
centration of charges exigte; and secondly, ,that.at some point
near the region the potential gradient reach s magnitude which -
exceeds the critical sparking value, (1 Q00,00Q ;volte.per meter
at normal al?® density in the preqence of iargg cloud dropleta)'

.
. -
':‘c-,' wod -

Generallv. two regiona of qpposite ghaqges are involved'
and the intensity cf the pdtegpial,gradieqﬁ between them-is:
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largely determined by the quantity of charges in the reglons,
thelr distribution, and the distance apart of the regions,.
The greater the guantitles of electriclty and the less the
distance betWeen them, the more intense will be the flelad.

"Where the base of a thundercldud’  is strongly charged,
say negatively, charges of opposite sign (here positive) are
induced on the sarth's surfaces beneath. Under these circum-
stances, a field with negative potential gradient is produced
between cloud base and ground, where the effect of the much
higher, positively charged region 1g not sufficiently great to
overcome that of the lower negatively charged region, Under
the influence of this field, positive lons are driven upward
and negative long are drawn downward,

The induced positive charges on ths earth's surface tend
to concentrate in areas of relatively high conductivity such
ae moist ground, streets with pipes, wiring, and so forth,
When the potential gradient at the surface reaches a value of
about 20,000 volte per meter, which is rare, point dischargses
(St. Blmo's fire) occur from sharply pointed objects, such as
trees, spires, and so forth. The chargea thus eJjected into
the lower atmosphere are carried up by the field and create a
positive space charge beneath the cloud, provided the electri-
cal conductivity jJust below the base of the cloud is appreci-’
ably less than that at lower levels. This space charge in-
creases the potential gradient immediately below the negative-
ly charged cloud base. It is thus poesible for the potentlal
gradient to reach abnormally high valuss locally in this gzone,
provided the neutralizing effect of the positive lons entering
the negative cloud base is overcome by the replenishment of
negative charges by electrical generation processesg in the .
cloud, (See references 23 and 24.)

Where oppositely charged cloud or rain masses pass each
other closely, the potentiasl gradient between them becomes
abnormally high. At any point where the value of the poten-
tial gradient reaches the critical sparking potential,: a
breakdown of the fleld, manifested by initlation of a2 dis-
charge, will occur, If the point in question were in clear’
alr at normal atmospheric pressure (29.92 in, of mercury) and
density, the ecritical sparking potential necessary to atbtain
this end is about 3,000,000 volts per meter, but since the
eritical sparking potential is proportional to density, it
would be only about 2,100,000 volts per meter in oclear air at
a helght of about 10,000 feet. When water droplets of 3 mil-
limeters diameter exigt, the critical sparking potential will
be only about 1,000,000 volts per meter (reference 4). '
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Consider that at some point near a negatively charged
cloud base the critical sparking potential has been attalned;
then a complicated discharge process takes place, depending
upon the existing conditions of potentlal gradlent and lonlza-
tion in the atmosphere. The following description of the dils-
charge process of lightning, largely based on the work of
B. F. J. Schonland and his collaborators {reference 25), in-
volves at least threes stages or processes in the case of the
typical single cloud-to-ground stroke: namely, (a) the pilot
streamer, (b) the stepped leader, and (c) the return stroke.
When the stroke is multiple,then there are also involved
other stages: namely, (d) the dart streamer, and (e) the re-
turn stroke, similar to (¢), which are repeated as many times
as the lightning recccurs, These components of the lightning
stroke have also been obgerved by McEachron (reference 25)
and his coworkers in the United States.

The .Pilot Streamer

(a) The pilot '‘etreamer, which is the initiel phase of
the lightning discharge, 1s a gtream of electrons (negative
electrical charges). It starts at the cloud when the criti-
cal sparking potential is reached and advances into the clear
air at a speed ranging from about 62 to 1240 miles per second.
It will propagate itself as long as the field in the clear air
has average potential gradients of about 270,000 volte per
meter or more. The current carried by the typical pilot
streamer 1s relatively small, belng of the order of a few am-
peres, and possibly as low ae 0.1 ampere.

As the negative pilot streamer blazes its way, it must
prepare the air ahead in order to secure continued progress,
This 1t accomplishes by producing ionliration immediately 1n
advance of the streamer tip by one or the other, or both of
two processes: namely, (1) ionlgzation directly produced by

In many cases, -apparently, this high average potential
gradient may not exist along the entire path of the pilot
streamer Jjust prior to its coming into being. The stream of
negative charges creates a etrong potential gradient Just
ahead of its tip, which enables it to progress. The potential
gradient becomes especially intense as the streamer nears the
earth, for charges of positive sign are induced in the ground
by the rushing away of electrons from neutral molecules ln the
ares being approached, leaving the pogitive cherges behind,.
The bringing of oppositely charged particles close together
greatly strengthens the electric field, thereby facilitating
the propagsation of the gtreamer,

Ld
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electrons in the tip of the streamer, and (2) photoionization.
The latter is ionization of neutral alr molecules by photons
(1.e., bundles of light energy) emitted by air molecules ex-
cited to luminosity by electron impact.

In this manner, the pilot streamer may progress until 1%
is close to the ground, provided the average potential gradl-
ents are sufficlently intense. The path followed by the pllot
streamer is determined by the local variations in the poten-
tial gradient &8 1% proceeds, and hence will be tortuous and
branched (forked). : B

On acecount of the low current and low dsnslty of iloniza-
tion in the pllot streamer relative to the current and density
of ionigation, respectively, in the subsequent stages of the
discharge, the pilot streamer cannot be photographed with a
foet camera but might be visible to the naked eye.* However,
the pilot streamer leaves behind it for a very brief period
of time a channel less than an inch in dlameter characterized
by considerable ionigatlon.

- The Stepped Leader

(b) The stepped-leader process cannot take place without
this preliminary ionized channel prepared dy the piliot
streamer. After the pilot streamer has advanced a certain
distance which varies from about 33 to 680 feet, & new strsam
of electrons, with a dright, luminocus tip called a %leadesr,”
starts from the cloud down the channel with a speed of about
31,000 miles per second. Thisg stream causes the channel %o
become luminous. When it overtakes the tip of the much slower
pllot leader, 1t stops for an interval of time which rangss
from about 31 to 91 millionths of a sed¢ond. During this pause
the pilot streamer has been advancing at the slower rate, bdbut
at the termination of the pause, another stream of electrons
with a dbright lesder starts down .the channel from the initilal
cloud point, approximately at the sbove-mentioned speed of
about 31,000 miles per second, and again overtaked the tip of
the pllot streamer, This steplike mode of progression 1s re-
poated agaln and again, poseibly as many as 100 or more times
until the earth is. reached. In the process, the forward part
of the stepped leader is propagated as & limited reglon of
luminosity like an elongated fireball the length of which va-
ries roughly from 80 to 370 feet (average about 180 £t).

lSes added note regarding pilot streamers at end of this
appendix, .
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Each step ‘éarries the tip of the luminosity forward an aver-
age o} aBout:160:feet along the lonised channel created by
the pilot streamer. Hence, each dright step. appears as the
termination of a sireamer of Fainter luminosity extending

. the whole way down From the starting point of th'e discbarge.

As’ the end of & stemn is apnroached the streamer increases in
,brightnese and decreases in’ width Besidey, every nev,

. bright step ‘generally starts a little way back .on part of the
. krack formed by the previous step, S0 that the nortion of the

step which i4 entirely new is about 90" percent of the whole.

Owing to the pauvsges, and despite-the h1gh aneg@ of the

" stepned leader, the effective sveed of the process is the
.same as the gpeed of the pilot streamer, which averages about
'311 miles per :second. The tortuous path taken by the vpilot

streamer "is followed more or léss by the stemned leader, so
that a somewhat zigzag line, 5rdinafily wvith downward branch-
es én the first stroké, represents:-the channel pursued.

Porks in the piloet, stréamer channel produce the branches.

The current in the stevped leader, being higher than in
the case of the pilot streamer on account of the lowered re-
sistance offered by the lonized channel, carrieg down a con-
slderable amount of negative charge in the form of electrons.
These are . first distributed throughout the step-~leader channel
and 1%s branches, but decrease in rumber somewvhat with time
by combining with positive ions, by diffusion, and so forth.
The. atmeosphere below the cloud thus amcguires a channelized
negative space gharge as the stenved leader blazes its way to
earth. The source of the charge is the charges in the nega-
tively charged cloud particles in the lover portion of the
€loud. -In order for the latter to become available far the
stepped-leader process, they must flow by ﬁrogressive apark

_breakdown in the cloud surrouding the point at which the pi-

lot streamer was initiated. This implies that cloud etream-
ers, which form at lower breakdown mwotential gradients than
streamers in virgin air, must feed the stenned leader by chan-~
nelizing charges in the cloud and conveying them to the ini-
tial polnt in ocuestion.

The more extensive is the cloud space in which breakdown
may be propageted from this voint by the existing patential
gradient and the greater the quantity of electrical charge
which may thus be tapped from the cloud center, the greater
will e the space charge lowered by the stepned-leader Pro-
cess. This tends to increase the votential gradlient downward
to the ground. Coensequently, it is found that the streamers
and their tips are generally much brighter in their later
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stages when they are approaching the ground, than earlier,
and moreover, thls is accompanied by incremse in effective
veloelty.

Asg the tip of the negative stepped leader gets very near
the ground, 1%t 1s probabls that & positive streamer discharge
cccurs from the earth, where positive charges have been
strongly induced locally. Upon meeting of the tip of the
downward-moving, negatively charged stepped leader with the
tip of the upward-moving, positively charged streamer from
the earth, & continuous channel of highly iornl%ed air thereby
exlsts from cloud to ground, and a new stage of the lightning
discharge sets in. This is called the "return stroke.¥

The Return Stroke

. (c) The "return stroke" represents the intense flow of
electrons from the ionized channel down to the earth, start-
ing with the lower portion a2nd progressing upward both along
the malin trunk and such branches as were formed during the
stepped-leader process. lInaemuch as the ionization is of the
greatest density in the lower portion, and the potential
gradient is & maximum near the surface of the earth, the cur-
rent represented by the rate of flow of charges has its great-
est value at the surface. Consequently, the luminosity pro-
duced by the tremendous ionization and exeitation of air mol-
ecules resulting from the current 1s of extremely great inten-
sity. This is responsible for the intense flash of the return
stroke, the tlp of which moves upward along the channel with
a speed ranging from about 12,400 miles per second to 87,000
mlles per second., The most frequent speed 1s about 21,800
miles per second, although the speed i1s greater in the lower
portion where the channel width anrd luminoslity are greastest,
and less ae the return stroke progressss up the path where
the channel width and luminosity are least.

When a return stroke pasees an extensive branch blaged
by the preceding leader, there 1s usually an appreciadble de-
crease in channel width and lumineslty of the return stroke
above the branch, owing to the diminished source of charges
to feed the upward-moving tip.. Negative charges (electrons)
thus draln out of the branches as well as of the main channel,
wvhence the negative space charge below the cloud decreases to
small values.

1A fraction of the charges may be captured by raindrops
or other precipitation particles which may thereby hamper

dissipation of the space charge to some extent,
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A% first. the current produced by the flnw of these slec-
trons t-o ‘the uvward-moving tip of the return strnke and
thence down the channel %o the ground increases with extreme
rapidity. This rapid rise of current (called "steep wave
front?) eccurs in a.fraction of & milliecnth tn several mil-
lionths- of .2 gecond. Average rates of current rise in the
wave front have been found to vary from abput 1700 te 20,000
amperes per millienth of a sscond, and maximum ra%ées have
been found to range from about 4000 to 40,000, in the same
unitg. The crest current in 50 percent of the return strokes
exceeds about 23,000 amperes and may reach extreme values of
150,000: amperes or more. After the crest current is achlievegd,
the current decreases at first rapidly and then mere slowly
until enly about 1000 to 100 amperes are flowing. The wave
af current here under consideration requires an elapsed time
of ahout 10 te roughly 100 millionths of & second from the
beginning of the stroke to the end of this phase

Apparently this wave depletes the greatsr part ﬂf the
electrons from the major and esvecially the lower portien of
the channel and its conneating branches. In additinn, the
potential gradlient between cloud and earth suffers a tremen~
dous decrease after the crest current passes, dut same gra-
dient remains, at least near the cloud.base. Thus, follawing
the end of the.current wave, there wusually occurs = continu~
cus, falrly steady flow of current of aspproximately 100 to a
few thous-nd amperes, 1asting for an interval of about 1/1000
to 1/10 of a second or lponger. It can be expected that this
continuing-current depends on. the remaining low potential
gradient and invelves charges . brought down teo greund from the
mare remote portions of the channel and the cloud center orig-
inally tapped. There is also reason te believe that the cur-~
rents in the return stroke at the higher levels of the channel
are less than at the lower levels, nearer the ground.

The tetal amount of slectriecal chmrge carried in s light-
ning stroke may range from a fractien of A coulamb t¢ About
300 canlombs. The average of the charge carried by a light-
ning stroke 1s in the neighborhord of 20 to 35 ceulombs.

Effects nf Component Parts »~f Return Stroke

0f great importance is the distinctisn between the ef-
fects of the different portions of the return stroke:

Firgt, the steep wave—front,fhigh—current,~shnrt—time
stage proeduces explosive effects on accout of the high rate
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of liberation of energy from the intense electrical power of
the stroke., BExplosive effects may be manifested by violent
expansion waves, sharp  -thunder, good-size holes punched in
‘'sheet metal which 18 in the path of the stroke, sudden vapor-
izgation of thin wires through which the current passes, and
sa forth, _

Second, the gontinuous, low~-current, long-time stage
produces burning effects on account of the great amount of
heat liberated in the long pericd of current flbdw despite the
relatively low valuve of the current. Burning effects from
this source are indicated by the swmall holes burned 1n the
aireraft outer skin, and the pit marks fused on the skin,
rivet heade, and so forth. An alrplane travellng through or
by & long~-time, low-current stroke will show a number of suech
burns and plt marks along the outer structure 1n a rough line
running opposite to the directlion of relative motion of the
two. Not much hazard can ordinarily result from passage
through such strokes.

Many lightning strokes are multiple in nature, that is,
repeat a cycle involving lender sgtroke to ground and .return
stroke., The leadsr stroke in such repeasting discharges is
called a "dant leader." .

The Dart Leader

(d) The !"darsg leader" ig a gstréam of elsctrons exhibit-
ing a luminous, dartiike +tip which travels down the channel
ionizged by the preceding strokes. It does not occur untll a
brief lapse of time following the previous return stroke.

Thieg interval varles from about 0.001 to 0.53 sscond. Unlike
the leader in the inltial stroke, the dart leadsr is not ordi-
narily stepped, but usually advances continuously down the
channel”" from cloud 0 ground with a speed ranging from 620 to
14,300 miles per sscond. The most frequent speed 1s about
1240 miles per second. Sometimes, when an unusually long in-
terval has elapsed between the preceding return stroke and

the darﬁ lesder, the lower end of the usual dart leader be-
comes etepped like the leader to a first stroke. Dart lesders
do not-ordinarily branch like stepped leaders. Apparently,
they tap charged cloud ceanters more or less remote from the
cloud center discharged by the initial stroke., Conseguently,
it sometimes happens that more gcharges are transported by suc-
ceeding gtrokes than by the first one. When the dart leader
reaches the surface, a return stroke oscours,
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The.Return Stroke in Multiple Strokes

(e) The réfﬁfn stroke whiech aucceedéfé dart leader has
characteristlics similar to those of the 1n1tia1 return stroke.

Ag many as 40 separate strokes have been observed in a
multiple stroke, The maximum total time interval observed
for a multiple stroke has been about 1.53 seconds.

Oloud-to-Air and Cloud-to-Cloud Strokes

Lightning diaecharges from cloud %c air have been observed
& number of times. In these cases the ground has not been
‘involved, but the stroke has exhibited either the stepped-
“"leader or dart-leader process without a return stroke, Pre-
seumably, here a strong potential gradient between & chargsed
cloud center and a space charge of opposite aign was ingtru-
mental in inltlating the dlecharge.

Lightning discharges from cloud to cloud or withln clouds,
involve the breakdown of the fleld between the oppositely
charged centers of clouds or preoipitation which come. adjacent
to one anocther. Obpervatione have shown that there are many
more of such discharges than of cloud~to-ground dlscharges.

In many cssea the breakdown is not explosive enough to produce
thunder audible at the ground, From the facts at hand it ap-
_pears probable that a number! of the instances of slectrical
discharges to.alrcraft have involved this gradually sloped,
wave-front type of discharge, with a relatively low current
peak, but fairly long duration.

Added Noﬁe Begarding Pilot Streamers

In laboratory obaervations of the development of electric
eparks in air between metallic electrodes, there has been
noted by some 1nveatigaﬁore. particularly Dunnington (refer-
‘ence. 27 Slepian and Torok (reference 28), and Torok and
Fieglder (reference 29). a feint, hazy filament whioch rapidly
traverses the, space from negative pole (cathode) to positive
poles (anocde) . 1mmediately preceding the passage of the bright
channel that representa the main spark breakdown.

1It 1s quite possible 1f not probable that a majority of
the’ disruptive discharges experienced have heen of this char-
agter rather than of the ateep. wave-front type.
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I+ is possible that the initial hazy streak observed in
the laboratory spark corresponds in character and function to
the lightning pilot streamer which has been postulated by
Schonland {(reference 25, Proc. Roy. Soc., ser. &, vol. 164,
1938, p. 132) to be present in cloud-to-ground strokes, al-
though never actually observed, However, 1t should be noted
that the theories proposed by Schonland (reference 25), Meek
(reference 80), Loeb {reference 14}, and Loeb and Meek (refer-
ence 31) regarding the pilot streamer have been recently gques-
tion on various grounds by Flowers (refergnce 32).

Presumably, the mechanisms of the various types of
streamers manifested by the lightning stroke are profoundly
influenced, firstly, by the characteristics of the thunder-
storm which must act Jointly in the roles of electrostatic
generator and capacitor, and secondly, by the nature of the
electrical ceircuit whereln there must be an electrical dresk-
down between cloud particlcs simultaneocusly with the conflu-
ence of charges from an saesemblage of wldely distributed
charged water droplets, and erystals $together with lons,



144

lO.

11,

NACA TN Xo, 1001

REFERENCES

Minser, B. J.: Metsorologlecal Conditions Associated with
Alroraft Lightning Discharges and Atmospherics. Jour.
Aero, Beil., vol., 7, no, 2, Dec. 1939, pp. 61-55.

Anon,: Thunderstorms; General Information Letter to All
Flying Personnel No, 206 (Revised). Transcontinental &
Western Air, Inc. (XKansas City, Mo.), Marsh 15, 1941.

Anon.: Thunderstorms; U,A.L.,7.C, Meteorology Circular
No., 17, Meteorology Dept., United Air Lines Transport
Corp, (Chicago, I1l.), April 18, 1941,

Macky, W, A,t BSome Investigatlons on the Deformation and
Breaking of Water Droplets in Strong Electric Fields.
Proc. Roy. Bece. London, ser. A, vol. 133, 1931, pp.
B65-587. .

Baynes, B, C.: Meteorology for Pllots. Civil Aero. Bull.
¥o. 25, CAA, Sept. 1940,

Hucke, H, M.: Preoipitation Statie Interference upon Alr-
craft and at Ground Stations. Proe. I.R.E,, vol. 27,

Starr, B, C,: Precipitation-Static Radio-Interference
Phenomena Originating on Alreraft., Eng., Bxp. Sta.,
Oregon State Col., Bull, Ser. No, 10, June 1939.

O0'Day, Marcus: The Effect of High-Trequeney Disturbance
on the Direct-Current Corona from a Sharp Point. OAA
Tech. Dev., Rep. No. 27, Aug. 1940,

Lenarg, P,t Uber Wasserfallelektrizitat und uber die Oter-
flachenbeachaffenhett der Flussigkeiten. Ann. der
Phyesik, Vierte Folgs Bd. 47, 1915, pp. 463-524,
cur Wasser fa lltheorle der Gewitter. Ann., der Physilk,
Vierte Folge, Bd. 65, 1921, Pp. 629-639.

Bimpson, George, and Scrase, F. J.: The Digtridution of

Electricity in Thunderclouds - Pt. I. Proe, Roy. Soc.
London, ser. A., vol, 161, Aug, 3, 1937, pp. 309-.352.

Simpson, George, and Robinson, G, D,t The Digtridbution of
Blectrieity in Thunderclouds - Pt, II. Proe. Roy. Boc.
London, ser. A., vol, 177, Feb, 24, 1941, pp. 281-329,



NACA TN No. 1001 1456

i3,

13.

14,

15,

1s6.

17.

18,

19.

20.

2l.

Simpson, G. 0.: The Blectrieity of Uloud and Ralin. Quart,
Jour. Roy. Met. Soec., vol, 68, Jan. 1942, pp. 1-34.

Workman, B, J., and Holger, R. E,: The Electrlcal and
Meteorological Development of Thunderstorms. Int.
Geophys. Union, Sept. 1939,

BEolzer, R, B,, and Workman, E. J.: The Origin and Types
of Discharges in Thunderstorms. Int. Geophys. Union,
Sept. 1939, .

Workman, B, J., and Holgzer, R. B,: A Preliminary Investl-
gation of the BElectrical Structure of Thunderstorms,
NACA TN No. 850, 1942.

Workman, B, J., Holzer, R. B,., and .Pelsor, G, T,: The
Electrical Strueture of Thunderstorme, NACA TN No.
864, 1942, '

Loeb, Leonard B.: Tundamental Processeos of Blectrical
Discharge in Gasee., {(New York}, 1939.

Allibone, T, B., gnd Mesk, J. M,: The Development of the
Bpark Diescharge. Proc. Boy. Soc, London, ser. aA.,
vol. 166, May 4, 19238, pp. 97-126,

Wey, George J.: The Shielding of Fermanent Magnets from
Transient Magnetic Filelds. (A.I.E.B. Technical Paper
41-113) 2Prans. A,I.B.E,, vol. 60, Sept. 1941, pp. 875-
877.

Lee, John G.: Airplane Demagnetization and Heutralization.
Jour. Aero, Sei.,, vol. 6, no. 12, Oect. 1939, pp. 489-493,

Crowley, D. M,: Oauses of Night-Time Thunderstorms over
the Middle West. Tech, Note No. 8, Meteorological Dept.,
Trenscontinental & Western A4r, Inec., Jan. 1944,

Means, Lynn L.: The Nocturnal Maximum Occurrence of Thun-
derstorms 1n ths Midwertern Btates. hisc. Reps. No. 186,
Dept. of Meteorolugy. Uaniv. of Chicago. 1944,

Harrison, L., P.:i BRecent Investigations Concerning the
Nature of Thunderstoris and Their Electrical Kanifesta-
tions. Paper presented before the Jjolnt eession of the
Inst, Aero. Sci. and the Am, Meteorological Soec., New
York, N. Y., Jan. 30, 1942.

Wilson, 0. T. R.: Inveetigation on Lightning Discharges
and on the Blectric Fleld of Thunderstorms. Phil, Trans.,
Roy. Soc. London, ser, A 584, vol, 2231, 1920, pp. 73-115,



w7
ah]

NACA TN No. 1001

Whipple, P, J. W., and Chslmers, J, A,: On Wilson's -
Theory of the Collection of Charge by Falling Drops.
Quart. Jour., Roy. Met. Soc., vol. 70, no. 304, April
1944, pp. 108-120,
Wilson, 6, T, R.: - Some Thunderstorm Problems. Jour.
Franklin Inst., vol. 208, July 1929, pp. 1-12,.

Chalmers, J. A.1 Blectric Fleld below Clouds. Quart .
Jour. Roy. Met, Boc., vol. 70, no. 304, April 1944,
pp. 121-127.

Schonland, B, P, J,, &and Others: Progressive Lightning.
Proec., Boy. Soc. Loandon, ser. A, vol, 143, 192341, pp.
654~-674; vol. 1852, 1936, pp. H595-625; vol. 162, 1937,
pp. 175-203; vol, 164, 1938, pn. 132-150; vol, 166,
1938, pp. 56-756; vel. 168, 1938, pp. 465-169.

McEachron, K. B,: Lightning to fthe Empire State Building.
Reprint from Jour, Franklin Inst., vol. 237, no. 3,
Feb. 1939, pp. 149-217.
McEachron, K. B.: Vave Shapes of Successive Lightaing -
Feaks, G. E. Reprint from BleoiricalWorld, Feb. 10, 1940,
McEachron, K, B.: DMuvlsiple Lightning Strokes., &, E. re-
print from EBleotricel Bnginesring, Dec. 1934, .
McBachron, K. B,: Multiple Lightning Strokes - II. A.I.5.B,
Bvans, B. A.,, and McBachron, K. B,: The Thunderstorm.
G. B, Rev.; reprint from Sept. 1936 i=sue.
McEachron, K, B., and McMorris, W, A,: The Lightning Stroke:
Mechanism of Discharge, G, E. Rev.; reprint from Cect,
1938 issue,.
McEachron, K, B.: Lightning to the Empire State Building.
Electrical Engineering, vol. 60, Sent. 1941, pp. 885-889,
McBachron, K, B., and Hagenguth, J., H.: Effect of Lightning
on Thin Metal SBurfaces. A.I . E.E. Tech. Paper 42-104,
May 1942,

Dunnington, F. G.: The Optical Study of the Formation
Stages of Spark Breakdown.  Phys. Rev,, vol. 38, 1931,
P. 1535,

Sleplan, J., and Torok, J, J,: Blee, Jour., vol. 28, 1929,
p. 107,

PTorok, J, J., and Fielder, F. D.: Trans. A.I.E.B., vol. 49,
1930, p. 353, E

. Meek, J. M,; Phys. Bev., vol, 55, May 15, 19839, PP. 972-977.



NACA TN No. 1001 147

31. Loeb, L. B., and Meek, J. M,: The Mechanism of the Elec-
tric Spark. Stanford Press, 1941.

32. Flowers, J. W.: Tho Channel of the Spark Discharge. Phys,
Rev., vol. 64, 1843, p. 225,

33. High Voltage Laboratory, Nat. Bur. of Standards: Protec-

tion of Nonmetallic Adircraft from Lightning.

Pt. I - General Analysis., NACA ARR No., 3110, 1943.

Pt. II - Lightning Conductor Materials, NACA ARR No.
3012, 1943.

Pt. ITI - Electrical Bffects in Glider Towlines. NACA
ARR No. 4020, 1944,

Pt. IV ~ Blectrocution Hazards from Inductive Voltages.
NACA ARR No, 4128, 1945.



148 NACA TN Ko, 1001 -
‘BIBLIOGRAPHY ' -

Alexander, W. H., Brooks, C. F,, and Burnham, G. H,:
Thunderstorme 4n Ohio during 19217. Monthly Westher Rev.,
vol, B2, July 1924, pp. 343-348.

Bellaschi, P. L,: ULightning Strokee in Fleld and Laboratory.
Flectrical Engineering, Nov. 1939.

Brancato, George N.: The Meteorological Behavior and Charac-
teristics of Thunderstormsg., U,5. Weather Bur., April 1942,

Brooks, C. F.: The Local, or Heat, Thunderstorm, Monthly
Weather Rev,, vol., BO, -June 1922, pp. 281-284,

Browne, J, 4.: Thunderstorm Oharacteristics and Flight Pro-
cedures. Aerqo. Engineering Rev., Dec. 1942, pp. 5-19.

Bruce, C. B, R.: The Initiation of Long EBElectricsl Diescharges,
Proc., Roy. Soc. London, ser, A, vol, 183, Nov, 1944,pp.228-242,

Buell, C. E.: The Detormination of Vertical Velocities in
Thunderstorms.
Pt. I ~ Bull. Am. Meteorological Boc., vol. 24, no. 3,
March 1943, pp. 94-95; and
Pt. II - no, 5, May 1943, pp. 211-212.

Byere, H. R.: YNonfrontal Thunderstorms. Univ. of Chilcago,
Inst. of Meteorology, Misc. Rep. No. 3, June 1942.

Douglas, C¢. K. M,: Temperatures and Fumidities in the Upper
Air: Conditions Favourable for Thunderstorm Development
and Temperatures over Land and Bea. M, 0, 232h, Profes-
sional Notes No. B, Meteorologlecal Offlce, Air Ministry,
London, 1520,

Frenkel, J.: Jour, of Phys., U.5.8S.R., vol. 8, 1944, p, 285.
(Discusses his theory of electrical charge separatlion in
clouds due to preferential condensation on negatively charged
water nuclel of minute size, which tends to cause charge
segregation by gravitational forces,)

Hallenbeck, Cleve: The Topographic Thunderstorm., Monthly
Weather Rev,, vol. 50, June 1922, pp. 284-287,



NACA TN No. 1001 149

Kaplan, Henry G.: On the Mechanism of Thunderstorm Downdrafts.
Bull, Am, Meteorologlcal Soc., vol. 24, no., 2, Feb. 1943,
PPp. 54-~-59.

Levine, Joseph: The Effect of Vertical Acceleratlions on
Pressure during Thunderstorms., Bull, Am., Meteorological
Sce., vol. 23, no. 2, Feb. 1942, pp. 52-61.

Loeb, L, B.: The Baslc Mechanisms of Statio Electrification.
Science, vol. 102, Dec. 7, 1945, pp, B73-576.

Malurkar, 6. L,: Dynamics of Thunderstorms, ' Proe. Indian
Acad. Sei., vol. 18, sec. A&, no, 1, July 1943, pp. 20-27.

McCann, G. D.: Lightning Phenomena., Westinghouse Electric
and Manufacturing Co. (Bast Pittsburgh, Pa.), Dec. 15, 1942.
(A paper submitted to the Inst. of Aeroc. Sci,, Dec, 15, 1942)

McCann, G. D,: The Measurement of Lightning Currents in Direect
Strokes. A.I.B.E, Tech. Paper 44-114, May 1944.

MeCann, G. D,, and Mesrgan, D. B.:t PFleld Disturbances Produced
by Lightning. A,I.E.E., Tech. Paper 43-46, Jan. 1943.

Mesk, J. M.: Propagation of Lightning Leader Strokes. Nature
(London), vol, 148, no, 3754, Oect. 11, 1941,

Army-Navy Precipitation Stetic Report Project. Tech. RHep. No.
A 843 A: Report of a Lightning Strike on the B-~25 Plane
Agsigned to the Precipitation Static Project. Dr, Ross
Gunn, Naval Res. Ladb., March 26, 1945,

Digcussion on Thunderstorm Problems. Quart. Jour. Roy. Metsor-
oclogical Soe., vol. 67, no. 282, Oct. 1941, pp. 327-361.
Allibone, T. BE.: The Physics of Lightning, pp. 327-332,
Robinson, G. D,t The Distribution of Electricity in

Thunderclouds, pp. 332-340.
Shipley, J. F.: The Alr Currents in & Lightning Storm,
pp. 340-345,
Lutkin, F. B,: Lightning and Atmospherics, pp. 345-350,.
Discussion, pp. 350-~361.



Figure 1.~ Burns on leading edge of propeller b
discharge.

s

lade, n

ear the top, due to a lightning

"ON N4 YOVK

TOO0T

1 ‘814




tq

Do e

Figure 3.~ Fifteen spots

fused on

nose of aircraft by 1ightning diecharge.

"OR KNI YOVH

TOOT




Figure

.- Trailing edge fo

(Fapric TeEm emoved

1001 "°H RI YOV

g "3H



. i : . ' B
Ao : !

i R A N REEERT|
TR T B A T L8 TE TR LT

[

R

Figure 4.~ Burn to trailing edge of right aileron caused by lightning discharge.
(Fabrio removed to show extent of damage.)
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NACA TN No. 1001 Figs. 5,10
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Figure 10.- Rupture of tail cone by lightning discherge.

All rivets were missing for a distance of
approximately 24-inches forward from the tail light. The
tail light was found hanging by its wires.



Figure 6.~ Hole one inch in diameter burned by lightning in steel tubing at top of rudder.
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NACA TN No. 1001 Fig. 7

Figure 7.- Holes burned through trailing edée former of right

elevator and one spot burned through fabric by
lightning discharge.



NAQA TN No. 1001
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Fig. 8

( Fa.brc removed

Figure 8.~ Hole burned by lightning in trailing edge of right elevator.

to show extent of damage.)



Figure 9.~ Hole burned in trailing edge of right elevator

by lightning discharge.
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Auxiliary antenna holder tube

5 Oonventional antenna

lead-in through tail . Auxiliary satenns
cone auxiliary antenna | |
holder assembly -, ¢ Auxillary antenna holder tube

— collapsed by explosion
Figure 11.- Damage to an asuxliliary antenna holder tube caused by a lightning discharge.
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Figure 13.- Radio damage caused by lightning dischar,
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NACA TN No. 1001 Fig. 13

RB-17E-41-2553-14 APRIL 4~
Figure 13.- Upholstery, lagging, and wirlng burned on left side

of fuselage immediately adjacent to trailing antenna
reel by lightning discharge. Radio damaged.



